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SECTION A 

PHASE I - CRYOGENIC STORAGE SYSTEM STUDY 

1 . 0  INTRODUCTION AND TECHNOLOGY SUMMARY 

The NAS 9-5491 program is t o  determine t h e  appl icable  
design concepts f o r  long mission cryogenic s torage  
tankage and t o  v e r i f y  concept f e a s i b i l i t y  through hard- 
ware f ab r i ca t ion  and tes t .  The design, ana lys i s  and 
tes t  r e s u l t s  of work accomplished on NAS 9-2978 cont rac t  
were used extensively as a b a s i s  f o r  t h e  ex t rapola t ion  
analyses f o r  l a r g e r  tank and longer mission character-  
istics. This was q u i t e  appropriate  s ince  t h a t  program 
is now recognized as t h e  p r inc ipa l  technology turning 
point  t o  long durat ion cryogenic tank design. 
development as it pe r t a ins  t o  t h e  space program 
l y  r e l a t e d  t o  increasing t h e  mission durat ion capabi l i ty  
of t h e  on-board systems. If t h e  e f f e c t i v e  mission dura- 
t i o n  capab i l i t y  of t he  on-board systems is not  progres- 
s ive ly  increased, ea r th  o r b i t a l ,  lunar  and planetary 
explorat ion w i l l  decl ine due t o  an i n a b i l i t y  t o  plan 
and meet progressive objec t ives .  The d i r e c t  and by- 
product rewards of t h i s  technology i n  terms of ea r th  
resource evaluat ion and management and ear th-so lar  system 
resource evaluat ion would f a i l  t o  develop. 
f l u i d s ,  because of t he  p u r i t y ,  densi ty  and s p e c i f i c  
impulse are uniquely s u i t e d  t o  t h e  funct ions of  
atmosphere supply, power r eac t an t s ,  pressurants  and 
propel lan ts .  Therefore, t h e  development of long 
durat ion cryogenic s torage  and supply systems i s  a 
key f ac to r  t o  extending t h e  mission durat ion capab i l i t y  
of ex i s t ing  space systems. 

Technology 
is  d i r ec t -  

Cryogenic 

Since cryogenic f l u i d s  must be protected from thermal 
environment t o  prevent pressure increase and premature 
loss of f l u i d ,  t h e  thermal pro tec t ion  system i s  t h e  
p r inc ipa l  design element. Thermal design cannot be 
compromised because t h e  e f f e c t i v i t y  of thermal design 
inf luences mission durat ion.  I n  a l l  space systems, 
weight, s t r u c t u r a l  i n t e g r i t y  and r e l i a b i l i t y  are 
c r i t i ca l  f ac to r s  and e s t a b l i s h  t h e  technological  
cri teria for  obtaining optimum thermal performance 
while maintaining s u i t a b l e  weight and s t r u c t u r a l  
c h a r a c t e r i s t i c s .  An inseparable  r e l a t ionsh ip  between 
t h e  thermal,  thermodynamic and physical  charac te r i s -  
t i cs  of a cryogenic s torage  and supply system and an 
order ly  development evolution is constrained accordingly. 

A - 1  
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luring t h e  last  t h r e e  years ,  remarkable progress has been 
nade toward increas ing  mission app l i ca t ions  of cryogenic 
;ystems. 
;ystem development and improved understanding of thermal/ 
zhermodynamic system mechanics. 
nission l i m i t a t i o n  f o r  t h e  app l i ca t ion  of cryogenic 
storage systems is v i r t u a l l y  nonezistant.  
i new opportunity and greater f l e x i b i l i t y  t o  t h e  planning 
)f increased mission systems and programs with cur ren t  
state-of-the-art boosters and vehicles.  

This has been accomplished through thermal 

A s  a r e s u l t  f e a s i b l e  

This presents  

:hart I shows t h e  thermal/themnodynamic f e a t u r e s  t h a t  
:onstitUte t h e  p rac t i cab le  s teps  t o  obta in  long mission 
iura t ion  c a p a b i l i t y  using oxygen as t h e  example f l u i d .  
rhe same design s t e p s ,  i n  t h e  same order ,  apply t o  a l l  
:ryogenic f l u i d s ,  although t h e  mission duration, charac- 
teristics w i l l  vary due t o  d i f f e r e n t  f l u i d  p rope r t i e s .  
l i s s i o n  duration increases  with t h e  thermal and thermo- 
3ynamic design arrangement and tank s i z e .  

rhe concept t h a t  "more insu la t ion"  w i l l  increase  t h e  
nission duration c a p a b i l i t y  r ap id ly  reaches a p r a c t i -  
-able l i m i t .  In  terms of  e f fec t iveness  (weight, repro- 
i u c i b i l i t y ,  thermal management) t h i s  concept does not 
io ld  t r u e .  Spec i f i c  i n su la t ion  designs are e f f ec t ive  
m l y  f o r  s p e c i f i c  temperature regions.  Therefore, an 
3f fec t ive  thermal p ro tec t ion  system design is comprised 
3f s eve ra l  s p e c i f i c  i n su la t ion  designs with each design 
Icing se l ec t ed  for optimum performance i n  a s p e c i f i c  
temperature region. 

:hart I1 shows t h e  bui ld ing  block s t eps  t o  obta in  
Light weight cryogenic s torage  systems and is  based 
upon a constant heat input f l u x  of 0 .5  Btu/€t2-hr. a t  
the inner  v e s s e l  surface.  A number of f a c t o r s  not noted 
3n t h e  cha r t  con t ro l  t h e  s to red  system weight per pound 
3f s t o r e d  f l u i d .  These are summarized below: 

A s  t h e  hea t  input f l u x  is  decreased respec t ive ly  
t o  0.4,  0 .3  and 0.2 Btu/ft2-hr. ,  curves 1, 2 and 
3 move r ap id ly  upward on t h e  r e l a t i v e  weight scale. 

The only i n s u l a t i o n  design concept t h a t  holds a 
s t a b l e  weight pos i t i on  a t  very low hea t  f l u x  is  
curve 4. Therefore , t h i s  is t h e  only design concept 
a t  t h i s  t i m e  t h a t  has t h e  p o t e n t i a l  of e f f e c t i v e l y  
meeting t h e  long mission system requirements. 

Curves 5 ,  6 ,  e t c .  show t h e  design technique f o r  
improving t h e  weight of  t h e  b a s i c  curve 4 concept. 
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I The da ta  and design aspects  of t hese  graphs are explained 
i n  g rea t e r  d e t a i l  i n  t h e  appropriate  context of the  
ensuing repor t .  I 

THERMAL -THERMODYNAMIC DEVELOPMENT OF 
LONG MISSION CRYO SYSTEMS (OXYGEN) 

THERMAL- PHYSICAL DEVELOPMENT OF 
LONG MISSION CRYO SYSTEMS (OXYGEN) 

TANK ID (INCHES) 

C-5005-68.2 

-8.2 
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2.0 CRYOGENIC VESSEL THERMAL/THERMODYNAMIC DESIGN 
PHILOSOPHY 

Fluid s torage  supply systems are comprised of a s torage 
vesse l  and components t o  provide pressure cont ro l ,  flow 
cont ro l ,  s t a t u s  monitoring, s t r u c t u r a l  i n t e r f ac ing  and 
serv ice  in te r fac ing .  

The major component of a normal f l u i d  s torage  system 
from a design, fabr ica t ion  and performance aspect  i s  
t h e  pressure vessel .  
i n  addi t ion ,  a sophis t ica ted  insu la t ion  package t o  pre- 
serve both t h e  temperature and pressure of the  cold,  
dense f l u i d .  

A p r inc ip l e  design considerat ion,  t he re fo re ,  is t h e  
property of t h e  thermal in su la t ion  of t h e  vesse l ;  i . e . ,  
i n su la t ing  qua l i t y ,  weight and volume. 

The proper t ies  of d i f f e r e n t  cryogens vary i n  terms of 
hea t  content ,  dens i ty ,  temperature and pressure.  There- 
fo re ,  a second design considerat ion,  inportant  t o  per- 
formance, is t h e  thermodynamic c h a r a c t e r i s t i c s  of t he  
i n t e g r a l  thermal in su la t ion  - cryogen system. 

Application of cryogenic system t o  f l i g h t  vehicles  
imposes t h e  requirements of minimum e f fec t ive  System 
weight and high s t r u c t u r a l  i n t e g r i t y .  

An experienced summarization of t h e  design technology 
requirements f o r  a cryogenic s torage system i n  the  
order  of imposed design cons t ra in ts  is therefore ,  
thermal,  thermodynamic and s t r u c t u r a l .  

The cryogenic system is  a thermodynamic machine t h a t  is 
powered, pr imari ly ,  by t h e  heat  t r ans fe r r ed  f r o m  t he  
surrounding thermal environment. 
run f a s t e r  or slower, respec t ive ly  sho r t e r  or longer ,  
depending upon t h e  thermal environment and t h e  thermal/ 
thermodynamic design of t h e  system. 

The t y p i c a l  system performance parameters t h a t  e s t ab l i sh  
t h e  s p e c i f i c  design f o r  a c e r t a i n  environment are; 

( a )  

(b)  

(c)  

(d)  

A cryogenic s torage  vess le  requi res ,  

A s p e c i f i c  system w i l l  

Mission flow and duration -- quant i ty  E bas i c  s i z e .  

N o  flow standby -- stat ic  thermal design. 

Minimum flow -- thermal/thermodynamic design. 

Maximum flow -- supplemental power and thermal/ 
thermodynamic design. 

A-4 
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It is seen t h a t  an inseparable  r e l a t i o n  e x i s t s  between 
various design and performance aspects  of t h e  system. 

The thermal in su la t ion  design eseabl ishes  t h e  bas i c  
s ta t ic  heat  transfer c h a r a c t e r i s t i c s  of t h e  system. 
Also, t h e  bas i c  vesse l  and in su la t iop  comprise t h e  
major weight and s t r u c t u r e  of t h e  system. The d i f f i -  
c u l t  or unique technology is t h e  attainment of a l i g h t  
weight, low hea t  t r ans fe r ,  high s t r u c t u r a r  i n t eg r i ty -  
insu la t ion  tank system. Therefore, "thermal-physical" 
design provides t h e  important bas i c  thermal and physical  
p roper t ies .  

The cryogen, a t  pressure and during flqw, can be used by 
various processes of  vaporizat ion,  expansion and direc-  
t i o n  of  f l o w  t o  perform hea t  in te rcept ion  and r e j e c t i o n .  
These processes supplement t h e  s ta t ic  in su la t ion  package 
t o  f u r t h e r  reduce t h e  e f f e c t i v e  heat  tlransfer t o  t h e  
system. 
and becomes an addi t ion  t o ,  or t r a d e  o f f  wieh, t he  
"thermal-physical" design. Therefore, t h e  "tbepmal- 
thermodynamic" design provides t h e  important func t iona l  
proper t ies .  

This minimizes t h e  s ta t ic  insu la t ion  required 

System pressure determines t h e  s i n g l e  or two-phase s ta te  
of t h e  contained cryogen. 
pressure is  minimal i n  t h e  two-phase condition. 
phase operation presents  t w o  f l u l d  states,  hence two 
d i s t i n c t  thermodynamic condi t ions.  
two-phases i n  a zero "g" environment requi res  a predic- 
t a b l e  method of phase co l l ec t ion  and thermodynamic 
processing i n  the  flow stream f o r  cont ro l .  
advantage of two-phase operation f o r  small systems is 
t he  wide range of flow con t ro l  t h a t  is poss ib le  through 
manipulation of t h e  two thermodynamic states without 
supplemental power. In  la rge  systems, t h e  advantages a r e  
a wide range of flow cont ro l  and reduced weight, 

System weight due t o  cryogen 
Two- 

Managmen* o f  t h e  

The pr inc ip le  

The mission requirements of a system normally requi re  a 
range of performance f o r  t he  various funct ions such as 
p r inc ipa l ly  non-operative standby and flow, within a 
varying thermal environment. Control v e r s a t i l i t y  is  
obtained with a wide range between t h e  "maximum flow 
per  u n i t  hea t  input" and "minimum flow per  u n i t  heat  
input" c h a r a c t e r i s t i c s  of the  system. Therefore, t h e  
manipulation or management v e r s a t i l i t y  of t h e  thermal/ 
thermodynamic funct ion provides t h e  important operation 
con t ro l  proper t ies .  

System design and operat ion cri teria are log ica l ly  
reduced t o  and t r e a t e d  as follows because of t h e  i n t e r -  
r e l a t i o n  of t h e  various funct ions.  

A-5  



Instruments& 
Life support 
Division 

STATE-OF-THE-ART TODAY 

B e s t  appl ica t ion  of 
ava i lab le  materials, 
ava i lab le  processes,  
ava i lab le  manufacturing 

techniques. 

HEAT TRANSFER 

Supface Radiation 

Gas Conduction 
Support Conduction 

SINGLE WALL TANK WITH 
INSULATION 

For appl ica t ion  where 
the  t o t a l  hea t  t r a n s f e r  

( a )  Thermal-physical design - thermal E physical  
c h a r a c t e r i s t i c s .  

(b) Thermal-thermodynamic design - func t iona l  
c h a r a c t e r i s t i c s .  

( c )  Operational con t ro l  - thermal/thermodynamic 
management. 

The following sec t ions  treat t h e  system i n  t h i s  order .  

A f u r t h e r  note  is appropriate  fo r  appreciat ion of t h e  
order  of cri teria presented above. 
Development (R E D) programs have provided t h e  lowest 
heat  t r a n s f e r  system i n  terms of t o t a l  hea t  t r a n s f e r  per  
u n i t  temperature d i f f e r e n t i a l ,  u n i t  thickness  and u n i t  
weight of insu la t ion .  
more s t r i n g e n t ,  t h e  thermal/thermodynamic designs become 
more sophis t ica ted  and t h e  l a t i t u d e  i n  design approach 
becomes more l imi ted .  

Recent Research and 

A s  t h e  thermal requirements become 

2 . 1  Thermal-Physical Design 

The concepts and da ta  are general ly  derived from t h e  
design, f ab r i ca t ion  and test experience on t h e  NAS 9-2978 
program, the  manufacture of  over 30,000 cryogenic 
systems, and twenty years cont inual  research and develop- 
ment work on cryogenic tankage. 
approach optimum due t o  t h e  technological  s ta te -of -ar t  
and t h e  apparent l imi t a t ions  of mater ia ls ,  processes and 
f ab r i ca t ion  techniques. 

The design concepts 

The hea t  t r a n s f e r  t o  a cryogenic tank can be divided 
i n t o  sur face  r ad ia t ion ,  support conduction and gas 
conduction. 

I n i t i a l  design considerat ion i s  gqnerally concerned with 
the  bas ic  tank design philosophy. 
f o r  f l i g h t  appl ica t ion  are: 

( a )  

Typical tank designs 

Single  w a l l  tank - externa l ly  appl ied insu la t ion .  

(b)  Dual w a l l  tank - co l l aps ib l e  metal outer  s h e l l ,  

( c>  Dual w a l l  tank - r i g i d  metal s h e l l s .  

2 . 1 . 1  Single  Wall Design 

This approach has been followed on lapge booster  tanks 
and cur ren t  R & D f o r  l a rge  tanks appl icable  t o  cryo- 
genic propel lan ts  f o r  long mission vehicles .  In t h i s  
design t h e  in su la t ion  is appl ied t o  t h e  pressure vesse l  

A-6 
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is : 

Smal l  Tanks >2 Btu/ f t  /h r  

Large Tanks >1 Btu/ f t  /hr 

2 

2 

NON RIGID DUAL WALL TANK 

Tota l  Heat Transfer is: 

2 >1 Btu/ f t  /h r  

EFFECT OF TEMPERATURE 
REGION ON INSULATION 

TEMPERATURE OF. 
,.,$.a -?a 

EQUATION FOR CONDUCTIVE 
HEAT TRANSFER 

i dQ = dT - 1 K A -  
d t  dn 

orall with an ou te r  p ro tec t ive  bag or f i l m .  
vessel is purged i n  a 1 g environment and n a t u r a l l y  
ivacuated i n  a space environment. Problems of poor 
? r e d i c t a b i l i t y ,  r ep roduc ib i l i t y ,  and qua l i ty  preserva- 
t ion proper t ies  are apparent i n  t h i s  approach. If t h e  
t o t a l  s ta t ic  heat  t r a n s f e r  requirements (conduction E 
rad ia t ion)  are less than 1 Btu/f t2/hr ,  t h i s  concept is 
not appl icable .  If t h e  requirement is less than 
2 Btu / f t2 /hr  t he  concept i s  marginal. 

The pressure 

2.1.2 Dual Wall Design 

The dual  w a l l  tank with a co l l aps ib l e  metal ou ter  s h e l l  
gas extensively inves t iga ted  and t e s t e d  on t h e  DynaSoar 
snd Apollo programs. 
parable t o  t h e  s i n g l e  w a l l  design approach. 
the dual w a l l  tank has no p r a c t i c a l  appl ica t ion .  

The thermal p rope r t i e s  are com- 
In  general ,  

2 . 1 . 3  Rigid Dual Wall Design 

The r i g i d  dual  w a l l  tank has been used on a l l  successfu l  
low heat  l eak  design tanks f o r  aircraft and space system 
appl icat ions.  
vides a self contained p ro tec t ive  environment for t h e  
complete in su la t ion  (conductive E r a d i a t i o n )  package. 
Reproducibil i ty,  i n su la t ion  qua l i t y  preservat ion and 
p r e d i c t a b i l i t y  are maintained from manufacture through 
i n s t a l l a t i o n  checkout and f l i g h t .  A t  t h e  cur ren t  state- 
o f - a r t ,  r i g i d  dua l  w a l l  construct ion i s  e s s e n t i a l  where 
the t o t a l  s tatic hea t  t r a n s f e r  requirement is  less than 
1 Btu/hr / f t2  of cryogen vesse l  sur face .  

The p r inc ip l e  advantage is  t h a t  it pro- 

A s  t h e  s i z e  of cryogenic s torage  tanks increases ,  t h e  
a b i l i t y  t o  achieve and maintain a s t a b l e  and r e l i a b l e  
vacuum i n  t h e  dual w a l l  tank design poses c e r t a i n  pro- 
b l e m s .  In  addi t ion ,  t h e  s t r u c t u r a l  r e l i a b i l i t y  and 
f ab r i ca t ion  problems assoc ia ted  with l a rge  tankage 
point towards an a l t e r n a t i v e  arrangement which, a t  
the  same t i m e ,  r e t a i n s  t h e  foregoing advantages of 
dual w a l l  construct ion.  
on various a l t e r n a t e  designs throughout t h e  country; 
howeverythermal proper t ies  which approach t h e  r i g i d  
dual  w a l l  construct ion have not  been achieved. 

R E D is cur ren t ly  proceeding 

2.1.4 Gas Conduction Heat Transfer 

In  t h e  r i g i d  dual w a l l  design, it is standard p rac t i ce  
t o  evacuate t h e  annular i n su la t ion  package t o  a s t a b l e  

spacing employed, t h e  gas conduction heat  t r a n s f e r  is 
extremely low. This mode of hea t  t r a n s f e r  is included 
i n  t h e  Bendix computer programs and derived empirically 

t o r r .  A t  t h i s  pressure and with t h e  in su la t ion  

A-7 
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THERMAL CONDUCTIVITY AS 
A FUNCTION OF APPLIED 1OAD 

BUMPER CHARACTERISTICS 
LOAD VS. DEFLECTION 

DEFLECTION - IN .  
,*4%4--*, 

md t h e o r e t i c a l l y  f o r  t h e  da ta  presented i n  t h e  
3ppendix. The gas conduction i n  a tank having d i s c r e t e  
radiat ion s h i e l d s  must be computed f o r  each i n t e r s h i e l d  
space u t i l i z i n g  t h e  temperatures of t h e  boundary sh ie lds .  

2.1.5 

rhe thermal conduct ivi ty  heat  t r a n s f e r  through a 
naterial va r i e s  d i r e c t l y  as t h e  temperature d i f f e r -  
Snt ia l .  This is a disadvantage, i n  t h e  low temperature 
region, compared t o  r ad ia t ion  heat  t r a n s f e r  s ince  rad i -  
3tion hea t  t r a n s f e r  v a r i e s  a s  t h e  d i f fe rence  i n  t h e  
Fourth power of t h e  temperatures. 

Tube E Support System Conduction 

I t  w a s  learned i n  aircraft and ea r ly  space system 
3evelopment t h a t  t h e  b a s i c  thermal conduct ivi ty  mode of 
?eat t r a n s f e r  must be minimized t o  obtain maximum eff i -  
ziency from thermal and thermodynamic in su la t ion  improve- 
nents s ince  these  funct ions a r e  most e f f e c t i v e  i n  t h e  
low temperature region. 
md electrical leads  were extended i n  length i n  t h e  
mnu la r  vacuum space t o  minimize t h e  conductive heat  
t r ans fe r .  

To accomplish t h i s  f l u i d  l i n e s  

In search of lower conduct ivi ty ,  t h e  tank support  
designs proceeded through t h e  succession of pos ts ,  
spokes, s t r a p s ,  spr ings etc. t o  t h e  cur ren t  r a d i a l  
bumper design. 
device t h a t  is not  i n t e g r a l l y  secured t o  e i t h e r  w a l l ,  
and where thermal conduct ivi ty  va r i e s  with load as shown 
a t  l e f t .  The bumper conduct ivi ty  approaches 1'0" i n  a 
zero ('g" environment. 

It is  e s s e n t i a l l y  a mult iple  point  load 

The r a d i a l  bumper design has been appl ied t o  seve ra l  
thousand q u a l i f i e d  aircraft systems; NAS 9-2978, 
NAS 9-4634, NAS 9-7337, and NAS 9-5491 R E D tanks.  
S t r u c t u r a l  i n t e g r i t y  , high "g" acce lera t ion  and impact 
proper t ies  a r e  exce l len t .  
conduct ivi ty  is extremely low and prec ise ly  reproducible 
between tanks.  
hea t  leak app l i ca t ions  s ince  t h e  ava i l ab le  vapor cooling 
r e f r i g e r a t i o n  is not  e f f i c i e n t l y  consumed i n  the  reject- 
ion of conducted heat  and nonoperative standby proper t ies  
are g r e a t l y  improved. 

Most importantly t h e  thermal 

This is extremely important i n  very low 

Radial  bumper design has withstood production and deve- 
lopment engineering re-evaluat ion f o r  more than e igh t  
years .  
t es t  da ta ,  t h e  d i s c r e t e  conduct ivi ty  f r a c t i o n  of heat  
t r a n s f e r  i n t o  t h e  r a d i a l  bumper design tanks has been 
accurately i s o l a t e d  and i d e n t i f i e d  and can be accurately 
predicted.  

Through co r re l a t ion  of ca lor imet r ic  and system 
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lNSUlATlON COMPARISON 

@ = RURE VACUUM 
0 = LAMINAR INSULATION 

Q @ = DISCRETE SHIELD INSUL 

TANK DIA. (INCHES) ,~,~-",~*, 

The dual  w a l l  tank design provided an exce l l en t  environ- 
ment f o r  evolut ion of  t h e  r a d i a l  bumper design, i n t e g r a l  
f l u i d  l i n e  pene t ra t ion  and electrical l ead  penetyation. 

The paramount f a c t o r  i n  assess ing  an in su la t ion  design 
is t h e  e s s e n t i a l  q u a l i t y  of  con t ro l l i ng  and minimizing 
the cold region thermal conduct ivi ty  hea t  t r a n s f e r .  
This is t h e  major deficiency with t h e  laminar in su la t ion  
which is v i r t u a l l y  uncontrol lable  i n  regions of tube and 
l i n e  pene t ra t ions .  

2.1.6 Insu la t ion  Heat Transfer  

Different  i n su la t ion  designs w i l l  vary from e s s e n t i a l l y  
a r a d i a t i o n  mode of  hea t  t r a n s f e r  t o  a combination of 
r ad ia t ion  and conduction heat  t r a n s f e r .  

There are t w o  b a s i c  considerat ions t h a t  influence t h e  
in su la t ion  s e l e c t i o n  and p a r t i c u l a r l y  t h e  under- 
s tanding of why c e r t a i n  in su la t ion  designs are 
super ior  t o  o thers .  F i r s t ,  t h e  temperature region 
of operat ion f o r  t h e  in su la t ion  package is  e s s e n t i a l l y  
-4OOOF t o  +l4OoF. Insu la t ion  proper t ies  and, designs 
are a l l  s e n s i t i v e  t o  t h e  temperature region of  oper- 
a t ion .  
l o w  emiss iv i ty  annular space has a b a s i c  in su la t ion  
property.  
is t h e  ex ten t  of thermal improvement t o  t h e  bas i c  dwal 
w a l l  design. 

Second, f o r  a r i g i d  dual  w a l l  tank design, t h e  

A measure of supplemental i n su la t ion  qua l i t y  

The graph at  l e f t  shows t h e  r e s u l t s  of a s tudy of 
20,000 aircraft tanks and approximately 100 space 
system tanks including Gemini, Apollo and cur ren t  
R E D tanks.  This da ta  is for t o t a l  s ta t ic  heat  t r ans -  
fer proper t ies  without vapor cooling. 
tanks i d e n t i f i e d  by (1) have pure vacuum insu la t ion  with 
low emissivi ty  surfaces  ( t h e  b e s t  10% of production).  
The tanks i d e n t i f i e d  by (2) are laminar insu la ted  tanks 
(SI-4 and NRC-2) and have a high conductive f r a c t i o n  of 
heat  t r a n s f e r .  
d i s c r e t e  s h i e l d s  and i n  a l l  cases t h e  r ad ia t ion  mode 
proportion of hea t  t r a n s f e r  exceeds 80%. This ana lys i s  
and presenta t ion  exposed t h e  apparent heat  -transfer 
"obstacleff  a t  1 . 2  Btu/f t2/hr  f o r  oxygen (1.0 Btu/f t2/hr  
f o r  hydrogen) through use of conductive mode laminar 
i n su la t ions  i n  t h e  cold temperature region.  

The aircraft 

The tanks i d e n t i f i e d  by ( 3 )  u t i l i z e  

Further  analyses and a c t u a l  system tests during t h e  
p a s t  t h ree  years have v e r i f i e d  earlier predic t ions  
t h a t  t h e  optimum insu la t ion  package must be designed 
f o r  d i s t i n c t  temperature regions of operat ion.  
optimum insu la t ion  package should have r ad ia t ion  mode 

The 
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RADIANT ENERGY TRANSFER 
BETWEEN CONCENTRIC SPHERES 

AND CYLINDERS 

CI' A1 (T1 4 - T2 4 

1. Q= 

where 
Q = Thermal Energy 

through a vacuum 
CI = Stephan-Boltzman 

Constant 
A ,A =Areas, inner  E outer  

€=Emissivi t ies- inner ,  ou ter  
E sh ie ld  sur faces  

n=Number of d i s c r e t e  

1 2  

r ad ia t ion  sh ie lds  

Typical Emissivity Values 
(NBS Data) 

E. 
Material  n 

Aluminum( e lec t ro-  0.018 
polished)  

Chromium (p la t ed )  0.08 
Copper (pol ished)  0.015 

Nicke l  (p l a t ed )  0.03 
Plant  inum 0.016 
Si lve r  0.006 

Gold ( f o i l )  0.010 

of hea t  t r a n s f e r  con t ro l  i n  t h e  cold region ( sh i e lds )  
and e s s e n t i a l l y  a conductive mode of heat  t r a n s f e r  
con t ro l  i n  t h e  w a r m  region (laminar i n su la t ion ) .  
Insu la t ion  comparison da ta  are included i n  t h e  summary 
cha r t s  a t  l e f t  from t h e  study performed i n  t h i s  program. 

The effect of  var ious thermodynamic processes upon t h e  
in su la t ion  design w i l l  be discussed i n  paragraph 2.2 of 
t h i s  sec t ion .  Rigorous analyses and tests show t h a t  t h e  
most e f f i c i e n t  s ta t ic  in su la t ion  system w i l l  provide t h e  
most e f f i c i e n t  thermal/themnodynamic system because of 
the  conservation of ava i lab le  r e f r i g e r a t i o n .  

2.1.7 Radiation Heat Transfer 

A r ad ia t ion  mode of heat  t r a n s f e r  con t ro l  is t h e  most 
e f f i c i e n t  cold region in su la t ion  scheme i n  t h e  cur ren t  
s ta te-of- the-ar t  due t o  t h e  q u a l i t i e s  or l imi t a t ions  of 
ava i l ab le  materials and processes.  

Fortunately,  a system t h a t  is e s s e n t i a l l y  a r ad ia t ion  
heat t r a n s f e r  system, when empir ical ly  v e r i f i e d ,  can 
be r e a d i l y  analyzed and predicted.  
is dependent upon t h e  f ab r i ca t ion  of very low emissivi ty  
surfaces .  In  r e t r o s p e c t ,  it w a s  found t h a t  t h e  tech- 
niques of obtaining low emiss iv i ty  sur faces  were w e l l  
e s tab l i shed  on aircraft systems i n  t h e  1950-1960 per iod.  
Subsequent process  development reflects f u r t h e r  improve- 
ment i n  emiss iv i ty  values. 

This type of system 

The o v e r a l l  e f f e c t i v e  emiss iv i ty  values which have been 
a t t a ined  i n  f u l l  scale Bendix s torage  tanks  along with 
some typical sur face  emiss iv i ty  values f o r  var ious 
mater ia l s  a s  determined by the  National Bureau of 
Standards are shown i n  t h e  margin. 
from calor imeter  test programs ind ica t e  t h a t  a f u r t h e r  
improvement of t h e  order of 30-50% is poss ib le  i n  la rge  
tanks with process technique development. This would 
appear t o  be cons is ten t  with National Bureau of  
Standards values  s ince  they are given f o r  a low temp- 
e r a t u r e  corresponding t o  t h e  bo i l ing  point  of  l i q u i d  
ni t rogen and t h e  emiss iv i ty  decreases with decreasing 
temperature of  t he  sur face .  

Comparative data  

A pure r ad ia t ion  in su la t ion  is accomplished by use of 
d i s c r e t e  isothermally mounted r ad ia t ion  sh ie lds .  The 
sh ie lds  are mounted i n  such a manner as t o  be thermally 
i s o l a t e d  from the  inner  and outer  ves se l  w a l l s  and each 
other.  
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Effec t ive  Emmissivities 
(Fe) i n  Bendix Tanks 

Fluid Stored F e 

0.013 

0.011 

0.007 

- 
L02 

LN2 

LH2 
- 

Fe - 
E 

PRESSURE BUILDUP EQUATION 

Q=m h -m h -m P V tm P V 2 2  11 2 2 2  111 

TYPICAL STANDBY PRESSURE BUILDUP 

The isothermal d i s c r e t e  s h i e l d  concept w a s  first 
applied t o  f l i g h t  design tanks a t  Bendix i n  1962. 
Subsequent tanks have been f ab r i ca t ed  on NAS 9-2978, 
NAS 9-4634, NAS 9-5491 and NAS 9-7337. 

These tanks ranged i n  s i ze  from 15" t o  40" diameter 
and contained one t o  four s h i e l d s  (vapor cooled and 
non-vapor cooled). 
and is predic tab le .  

The concept adheres w e l l  t o  theory,  

Due t o  materials compat ib i l i ty ,  t h e  d i s c r e t e  s h i e l d  
provides a long term stable s ta t ic  vacuum. The sh ie ld  
has exce l l en t  s t r u c t u r a l  (v ib ra t ion )  p rope r t i e s  with no 
degradation of thermal p rope r t i e s  due e i t h e r  t o  vibra- 
t i o n  or extended s h e l f  l i f e .  

Shield mounting i s  by a m u l t i p l i c i t y  of low conducti- 
v i t y  spools t o  sleeves on t h e  f l u i d  tubes and electri-  
cal lead  bundles i n  t h e  annular space. 
d u c t i v i t y  spacing of  t h e  spools acts as loose i n t e r f a c e s  
i n  v ib ra t ion .  
0-2000 CPS spectrum i n  both s inusoida l  and random 
vibra t ion  shows effective damping of t h e  s h i e l d  system. 

The low con- 

Vibration throughout t h e  complete 

2.2 Thermal-Thermodynamic Design 

This s ec t ion  treats t h e  major f l u i d  themnodynamic pro- 
cesses as appl icable  t o  system operation and supple- 
mental i n su la t ion  effects. 

2 . 2 . 1  Pressure Buildup (Standby) 

Generally, i f  t h e  nonoperative standby is less than 
100 hours (H2) or 200 hours (02 ) ,  t h e  s t a t i c  i n su la t ion  
requirements are determined by t h e  minimum flow require- 
aents of t h e  system. The equation f o r  pressure  buildup 
is given a t  t h e  lef t .  A l s o  a t y p i c a l  cryogen pressure 
buildup curve is shown. The pressure buildup function 
is not a c r i t i ca l  t r adeof f  f a c t o r  between s u p e r c r i t i c a l  
and s u b c r i t i c a l  pressure operation s ince  t h e  major stand- 
by t i m e  f o r  e i t h e r  system has been achieved by 100 ps i a .  
Pressure r ise within and above t h e  compressed l i q u i d  
region occurs r ap id ly  with l i t t l e  heat input .  

2 .2 .2  S t r a t i f i c a t i o n  

The thermal s t r a t i f i c a t i o n  t h a t  occurs i n  cryogenic 
systems a l te rs  t h e  thermodynamic processes,  genera l ly  
in  an unfavorable way. 
up t i m e  is  reduced depending upon t h e  ex ten t  of s t r a t i -  
f i ca t ion .  The curve a t  l e f t  shows an approximation of  
x t u a l  t o  t h e o r e t i c a l  buildup t i m e s  from test  da ta  (no 

For example, t h e  pressure build- 
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EFFECT OF STRATIFICATION O N  
PRESSURE BUILD UP 1 "G' ENVIROh 

TANK DIA. (INCHES) 

LIQUID - - - - -  

38 84-6 8-3 

i n t e r n a l  thermal conductors). The ex ten t  of stratifi- 
ca t ion  f r o m  t e s t  da t a  appears t o  be influenced by tank 
s i z e  ( m a s s  t o  sur face  area r a t i o )  and l i q u i d  phase t o  
vapor phase interface area. 
tests show t h a t  s t r a t i f i c a t i o n  is  almost independent of 
heat  t r a n s f e r  rate f o r  a given system. Conductor 
p l a t e s  are f a i r l y  effective €or d e s t r a t i f i c a t i o n  i n  
small tanks (< 20" diameter) and fan strrrers are 
e f f e c t i v e  i n  l a r g e r  tanks.  
value t o  low g rav i ty  mission operation. 

One "g" temperature chamber 

E i the r  are of questionable 

The type of s t r a t i f i c a t i o n  w e  observed is  t h e  convective 
concentration of low dens i ty  f l u i d  f r a c t i o n s  which 
oppose thermal conduct ivi ty  d i s s ipa t ion .  
hanced or a c t u a l l y  caused by t h e  g r a v i t a t i o n a l  environ- 
ment. However, t h e  absence of convective concentration 
should allow more e f f e c t i v e  t h e m a l  conduct ivi ty  d i s -  
s ipa t ion .  
i n  zero "g" should be reasonably t o l e r a b l e  without 
d e s t r a t i f i c a t i o n  devices. 

This is en- 

The equilibrium magnitude of s t r a t i f i c a t i o n  

Numerous s tud ie s ,  including temperature p r o f i l e  measure- 
ments, pressure buildup and flow tests have been per- 
formed on aircraft l i q u i d  oxygen systems i n  order  t o  
descr ibe the  mechanisms of  normal one "g" cryogenic f l u i d  
s t r a t i f i c a t i o n .  
analyses  of  zero "g" s t r a t i f i c a t i o n  and f l u i d  thermal 
conduct ivi ty  proper t ies .  

This work has been extended t o  r igorous 

In one rlg'l environment, it appears t h a t  a l l  hea t  which 
e n t e r s  a small pressurized cyrogenic ves se l  Is i n i t i a l l y  
t ranspor ted  t o  t h e  top  vapor phase region. 
been ascer ta ined  by temperature measurement and pressure 
buildup tests. 
with t h e  f l u i d  mass t o  tank sur face  a rea  r a t i o  and the  
l i q u i d  t o  vapor i n t e r f a c e  area.  
i d e a l  pressure buildup and flow p rope r t i e s  and t h i s  
abnormality appears t o  diminish with increased tank s i z e .  

This has  

The process appears t o  vary ( i n  p a r t )  

This r e s u l t s  i n  non- 

The hea t  from t h e  warm u l lage  region is conveyed down- 
ward through t h e  l i q u i d  by thermal conduct ivi ty .  
Extreme temperature and dens i ty  strata r e s u l t  s ince  t h i s  
process does not  proceed uniformly i n  a one "g" environ- 
ment due t o  a counteract ing convection process.  

7 

A simple descr ip t ion  of t h e  convection process is shown 
a t  t h e  l e f t .  
vesse l  causes vaporizat ion of bubble "A". 
dens i ty  bubble rises through t h e  successively w a r m e r  
l i q u i d  stata "B", absorbs hea t ,  and f i n a l l y  b u r s t s  i n t o  
t h e  u l lage  space. 
transfer is counteracted by the  upward movement and 

A l o c a l  u n i t  heat  input  t o  t h e  pressure 
The low 

The downward conduct ivi ty  hea t  
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INTERFACIAL TENSION 

Y - E = T  - 
Yo - E To 
MOLECULAR DIFFUSION 

THERMAL DIFFUSION 

a 2 t  
ax 

= a -  a t  
ae - 2 

EQUILIBRIUM FLOW EQUATXON 
( s u p e r c r i t i c a l )  

h e a t  absorption of low dens i ty  f l u i d  f r a c t i o n s  (bubbles).  
The r a d i a t i o n  and conduction heat  energy i n  t h e  u l lage  
wall region is read i ly  absorbed by the  vapor and r e t a ined  
i n  t h a t  region. 
magnitude of heat  energy concentration seems t o  be caused 
or enhanced by normal g rav i ty  convection. Therefore,  
s t r a t i f i c a t i o n  appears t o  be a s t a b l e  configurat ion i n  
a normal g rav i ty  environment, s ince  t h e  forces  due t o  
dens i ty  d i f fe rences  are l a r g e ,  and i n  a self propogating 
d i r ec t ion ,  

The t o t a l  process i n  terns of - rate and 

S t r a t i f i c a t i o n  is minimized i n  a g rav i ty  environment by 
use of conductor p l a t e s ,  mechanical mixing or v ib ra t ion  
mixing, 

In  a zero g rav i ty  environment, dens i ty  grad ien ts  play no 
r o l e ,  
strata are: 

The th ree  forces  e x i s t  which tend t o  pre turb  the  

( a )  Interfacial tens ion ,  

(b )  Molecular d i f fus ion ,  and 

( c )  Thermal d i f fus ion .  

Each of  these  forces  has been examined separa te ly  with 
a n a l y t i c a l  models derived t o  compute t h e i r  effect. 
'From these  models, t he  following may genera l ly  be 
concluded: 

( a )  I n t e r f a c i a l  t ens ion  forces  between var ious s t r a t a  
play no s ign i f i can t  r o l e  i n  zero g r a v i t y  systems. 

(a) Molecular d i f fus ion  forces  are s i g n i f i c a n t ,  tend- 
ing t o  e l iminate  s t r a t i f i c a t i o n .  

( c )  Thermal d i f fus ion  forces  are most s i g n i f i c a n t ,  
tending t o  prevent or d i spe l  s t r a t i f i c a t i o n .  

(d)  The l a t t e r  two fo rces ,  molecular and thermal 
d i f fus ion ,  r e in fo rce  one another,  so  t h a t  strati- 
f i c a t i o n  should not  p e r s i s t .  

In  p r a c t i c e ,  a degree o f - s t r a t i f i c a t i o n  is expected t o  
p e r s i s t  i n  a zero or low "g" environment. 
processes of molecular and thermal d i f fus ion  i n  t h e  
absence of counteracting convection fo rces  should r e s u l t  
i n  a much lower order  of s t r a t i f i c a t i o n  than observed i n  
a normal one ''g" operat ion.  
with t h e  thermal c h a r a c t e r i s t i c s  of t h e  dewar, t h e  
thermodynamic and physical  p roper t ies  of  t h e  f l u i d  and 
t h e  design of t h e  i n t e r n a l  f l u i d  acqu i s i t i on  system may 

However, t h e  

These f a c t o r s  i n  combination 
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HEAT INPUT REQUIRED IN BTU/lB O F  
PARAHYDPOGEN WITHDRAWN AT CONSTANT 

EQUILIBRIUM FLOW EQUATION 
(Subc r i t i ca l )  

- -  dm - (dQ/dt)  (yg/yR-l) 
d t  9 

( l i q u i d  flow) 

- =  dm (dQ/dt)  (l-yR/yg) 
d t  

where : 

q(gas flow) 

q = Heat of vaporizat ion 
yR = Speci f ic  volume of 

yg = Specif ic  volume of 
l i q u i d  

gas 

e l iminate  t h e  need f o r  add i t iona l  d e s t r a t i f i c a t i o n  
devices.  

2.2.3 Equilibrium Flow 

The equilibrium flow rate from a cryogenic system is a 
funct ion of t h e  hea t  inflow and f l u i d  thermodynamic 
proper t ies .  Tank s i z e  has e s s e n t i a l l y  no effect. The 
i n i t i a l  examination of  equilibrium flow w i l l  exclude 
considerat ion of  vapor cooling and expansion r e f r ige ra -  
t i o n .  

S u p e r c r i t i c a l  pressure operat ion r e s u l t s  i n  an equi l ib-  
r i u m  flow according t o  t h e  expression noted a t  l e f t .  
The s p e c i f i c  heat  t o  flow f o r  both oxygen and hydrogen 
is given f o r  t y p i c a l  s u p e r c r i t i c a l  operat ing pressures .  
The minimum dq/dm flow determines t h e  mission durat ion 
c h a r a c t e r i s t i c s  and t h e  mission non-venting flow charac- 
teristics. 
€or evaluat ion of  t h e  thermal design i n t e g r i t y .  
stable vacuum insu la t ion  designs usual ly  do not  show 
t h e  expected receding flow rate i n  t h e  low dens i ty  
region due t o  in su la t ion  outgassing as t h e  cryogen warms. 

S t a t i c  equi l ibr ium flow tests are important 
Non- 

S u b c r i t i c a l  pressure operat ion can r e s u l t  i n  severa l  
equilibrium flow condi t ions depending upon whether 
l i q u i d  phase, gas phase or both phases a r e  supplied.  

If gas phase is  acquired i n t o  t h e  supply l i n e  (from t h e  
ves se l  conten ts )  t h e  flow r a t e  w i l l  correspond t o  t h e  
vapor volume displaced by t h e  l i q u i d  vaporization a t  
t h e  operat ing pressure and hea t  inflow. 

If l i q u i d  phase is acquired i n t o  t h e  supply l i n e  t h e  
flow rate w i l l  correspond t o  t h e  l i q u i d  volume d is -  
placed by t h e  i n t e r n a l  l i q u i d  vaporizat ion.  It is seen 
t h a t  t h e  mass flow rate r a t i o  between gas phase flow 
and l i q u i d  phase flow a t  atmospheric pressure is approxi- 
mately 1:200 f o r  oxygen and 1 :50  f o r  hydrogen. This 
condi t ion can be used t o  advantage i n  system cont ro l .  

A s  explained previously,  t h e  de l ivery  f l u i d  can be used 
by expansion, vaporizat ion and in su la t ion  precooling t o  
e x t r a c t ,  i n t e r c e p t  and reject heat  from t h e  system. 
This is t r u e  i n  s u p e r c r i t i c a l  or s u b c r i t i c a l  operat ion,  
A comparative system ana lys is  which includes Joule- 
Thompson expansion and in su la t ion  precooling f o r  both 
systems, shows t h a t  t h e  thermal to le rance  of e i t h e r  
system is e s s e n t i a l l y  i d e n t i c a l  and r e l a t i v e l y  inde- 
pendent of operat ing pressure.  
i n  t h e  process e f f i c i e n c i e s  i n  each system. 
f i c a n t  advantages f o r  s u b c r i t i c a l  operat ion are: 

S m a l l  d i f fe rences  occur 
The s ign i -  
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( a )  Reduced pressure ves se l  weight and 

(b) High flow without supplemental power (improved 
con t ro l  flow range).  

a m  - 2.2.4 

2.2.4.1 Vapor Phase Acquis i t ion-Supercr i t ical  Systems 

In s u p e r c r i t i c a l  cryogenic s torage  systems, one phase 
is present  and t h e  acqu i s i t i on  of  t h i s  f l u i d  is un- 
a f f ec t ed  by g r a v i t a t i o n a l  f i e l d s .  
rate has been discussed i n  paragraph 2.2.3 i n  d e t a i l .  

The equilibrium flow 

2.2.4.2 Gas Phase Acquis i t ion-Subcri t ical  Systems 

This process refers t o  t h e  vapor phase within a sub- 
c r i t i ca l  s torage  vesse l  being expel led i n t o  t h e  de l ivery  
l i n e .  
za t ion  i n  t h e  ves se l  a t  t h e  condi t ions of heat  inflow 
and pressure.  This is t h e  s implest  and most e f f e c t i v e  
process i n  a one "g" environment. 
hydrogen is shown a t  t h e  l e f t .  
oxygen vapor is shown in  the margin below. 

The equilibrium flow rate is t h e  rate of vapori- 

The heat  t o  flow f o r  
The heat  t o  flow f o r  

Due t o  l o w  "g" phase o r i en ta t ion  behavior,  vapor phase 
acqu i s i t i on  cannot be pred ic ted  I n  a l o w  r'gl' environ- 
ment unless supplemental f l u i d  acceleTation Is used. 
In  a zero "g" environment t h e  more dense l i q u i d  phase 
w i l l  w e t  and loca te  t o  t h e  tank sur face  geometry, due 
t o  surface tens ion  fo rces ,  and d isp lace  t h e  vapor phase. 
Low "g" per turba t ions  w i l l  constant ly  a l ter  t h e  vapor 
phase o r i en ta t ion .  Therefore, a design concept based 
upon vapor phase acqu i s i t i on  (expulsion) is  not  p r a c t i -  
cable  f o r  a zero "g" environment. 

Vapor cooling of t h e  s h i e l d  in su la t ion  for s u b c r i t i c a l  
and s u p e r c r i t i c a l  systems is q u i t e  e f f e c t i v e  i n  t h a t  t he  
static heat  leak is reduced 10-15% f o r  oxygen and 
60-70% f o r  hydrogen as v e r i f i e d  by tes t .  

2.2.4.3 Liquid Behavior i n  a Zero "g" Environment 

It is known from thermodynamic ana lys i s  t h a t  t h e  stable 
equilibrium state of a c a p i l l a r y  system i n  an isothermal 
zero "g" environment is t h e  state where t h e  p o t e n t i a l  
energy (P.E. = uAc) has t h e  smallest value.  In  t h i s  
expression u is t h e  i n t e r f a c e  surface tens ion  and A, 
t h e  c a p i l l a r y  area. 

The above statement can be used t o  determine where a 
l i q u i d  is most l i k e l y  t o  be found i n  a container .  Since 
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where : 

P = gas pressure 

P1 = l i q u i d  pressure j u s t  
below surface 

g 

r , h  = Dimensional para- 
meters of l i q u i d /  
gas i n t e r f a c e  

(5 In te r face  surface 
t ens  ion 

sur face  tens ion  depends only on temperature, 0 is con- 
s t a n t  i n  an isothermal system and we need only inves t i -  
ga t e  t h e  condi t ion which minimized the  c a p i l l a r y  area A,. 

Geometrical ca l cu la t ions  have been made f o r  t h e  case 
of l i q u i d  i n  a sphe r i ca l  tank which shows t h a t  i n  every 
case both t h e  l i q u i d  and gas  bubbles are w a l l  bound i n  
the  prefer red  configurat ion.  
l i q u i d s  i n  l a rge  quant i ty ,  t h e  u l lage  bubble sometimes 
becomes embedded due t o  i n e r t i a l  effects. The maximum 
acce lera t ion  fo rce  required t o  e l iminate  t h i s  condition 
and ensure a w a l l  bound condi t ion can l o g i c a l l y  be 
argued usEng the  following diagrams. 

The diagrams a t  l e f t  show t h a t  an acce lera t ion  of  some- 
th ing  less than 1 / 2  ''g" is  necessary t o  e l iminate  t h e  
embedded bubble configurat ion.  
opinion poin ts  i n  t h e  d i r ec t ion  of very small  "g" loads 
causing bubble d r i f t  toward t h e  w a l l  bound condi t ion.  
Configuration of t h e  assumed f l u i d  movement i n  the  
diagrams can be found i n  s t a b i l i t y  considerat ions.  
These show t h a t  t h e  meniscus i n  an "inverted" sphe r i ca l  
tank is always unstable  causing t h e  l i q u i d  t o  flow i n  
t h e  d i r e c t i o n  of t h e  g r a v i t a t i o n a l  f i e l d .  

However, with wet t ing 

The consensus of 

The shape of t h e  menisci i n  any given g r a v i t a t i o n a l  
f i e l d  can be determined from t h e  so lu t ion  of t h e  
governing d i f f e r e n t i a l  equation which assumes an 
axisymmetric wall-bound liquid-gas configurat ion.  

2.2.4.4 

From a v e r s a t i l e  system operat ion and con t ro l  aspec t ,  it 
is des i r ab le  t o  have a wide range of flow operat ion 
(without supplemental power) with self-contained thermal/ 
thermodynamic compensation or response. 
one of  t h e  p r inc ip l e  advantages of s u b c r i t i c a l  s torage 
and a c h a r a c t e r i s t i c  of t he  v e r s a t i l i t y  of aircraft 
s torage  systems. 

Liquid Phase Acquisit ion and Control 

This becomes 

The objec t ives  are t o  obtain:  

( a )  Minimum flow per  u n i t  environmental heat  input  and 

( b )  Maximum flow pe r  un i t  environmental hea t  input .  

The "minimum flow" requi res  de l ivery  of f l u i d  f r o m  t h e  
system-at  " the highest  energy state (vapor) with t h e  
lowest ne t  heat  input  t o  t h e  pressure vessel".  
"maximum flow" requi res  de l ivery  of f l u i d  from t h e  
system a t  "the lowest energy state ( l i q u i d )  with t h e  
highest  ne t  heat  input  t o  the  pressure vessel".  

The 

The n e t  
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heat  input  t o  the  vessel is t h e  important f a c t o r  s ince  
t h i s  w i l l  vary with d i f f e r e n t  i n su la t ion  designs.  
Ef f luent  f l u i d  temperature cannot be used as a sole 
cri teria f o r  t h i s  reason. 

It is r e a d i l y  seen t h a t  vapor phase must be excluded 
f r o m  t h e  acqu i s i t i on  system i f  maximum con t ro l  versa- 
t i l i t y  is  t o  be obtained. Al te rna te ly ,  electrical 
power or gas feedback hea t  input  can be used t o  provide 
pressure con t ro l  i f  vapor phase is acquired i n t o  t h e  
supply c i r c u i t  during t h e  high flow operation. This 
complicates both system design and r e l i a b i l i t y .  

It has been shown previously t h a t  vapor phase acquis i -  
t i o n  cannot be assured i n  zero "gr' environment due t o  
random vapor phase o r i en ta t ion .  For t h e  same reason, 
t he  unpredictable o r i en ta t ion  of t h e  vapor phase, 
t h e  normal f l u i d  p o r t  designs i n  a tank w i l l  not  
pred ic tab ly  exclude gas phase. Under these  circum- 
stances a system must be designed f o r  acqu i s i t i on  of 
100% l i q u i d  phase, 100% vapor phase or any f r a c t i o n  
of each phase. 
tank diminishes during t h e  mission, t h e  p robab i l i t y  
of a normal po r t  design acquir ing vapor phase increases .  
I r r e spec t ive  of expansion or s h i e l d  cool ing,  it is 
probable t h a t  supplemental heat ing w i l l  be required,  
i n  t h e  normal po r t  design, t o  maintain pressure 
con t ro l  for a l l  flows above minimum and during t h e  
l a t te r  mission period. 
excessive power. 

These considerat ions l ed  t o  t h e  conclusion t h a t  a high 
assurance l i q u i d  acqu i s i t i on  feed system should be 
designed. 
t h a t  it can be acquired with high assurance. 

A successfu l  l i q u i d  acqu i s i t i on  feed system w a s  designed 
and t e s t e d  i n  a s u b c r i t i c a l  oxygen system on AF33(615) 
2308 cont rac t .  
seven capillary-wfck devices interconnected with supply 
l i n e  tubing. 
equal ly  spaced 90° apa r t  a t  t h e  inner  preiphery of the  
pressure vesse l .  
cen te r  of t h e  sphere and has s ince  been determined as 
unnecessary. 
l i q u i d  phase adhesion and exclusion of t h e  gas phase. 
The wick-capillary bundle i n t e r f a c e  determines t h e  
l i q u i d  capTllary r e t e n t i v e  force ,  t he  l i q u i d  phase flow 
rate c h a r a c t e r i s t i c s  and t h e  gas phase break-through or 
flow re s i s t ance  c h a r a c t e r i s t i c s .  
ana lys i s  and t e s t  t h a t  l i q u i d  phase w i l l  we? and o r i e n t   to t h e  ves se l  w a l l s .  

A s  t he  f r a c t i o n  of l i q u i d  phase i n  the  

Emptying t h e  tank w i l l  r equi re  

Liquid phase behavior and o r i en ta t ion  i s  such 

The acqu i s i t i on  system consis ted of 

Six of t h e  capillary-wick u n i t s  were 

The seventh wick w a s  placed i n  t h e  

The wicks provide the  i d e a l  mechanism for 

It is w e l l  known by 

Geometry and low "g" acce lera t ions  
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w i l l  cause random vapor phase o r i en ta t ion  a t  t h e  w a l l  
proximity. 
designed so t h a t  i f  only one wick is wetted by l i q u i d  
phase, only l i q u i d  phase w i l l  flow i n t o  t h e  supply 
network. This allows t h e  evaluation of both t h e  
o r i en ta t ion  and acce lera t ion  effects of  t h e  f l u i d  on t h e  
feed system. 

The capillary-wick aqu i s i t i on  system is 
--- 

Equally important t o  t h e  capillary-wick acqu i s i t i on  
developmen? w a s  t h e  development of a test procedure 
t o  eva lua te  t h e  feed system performance. A p a r t  of 
AF33(615)2308 cont rac t  e f f o r t  w a s  t h e  f u r t h e r  develop- 
ment of t h e  oxygen-nitrogen mixed gas tes t  procedure 
f o r  subcritical system eva lua t ion .  
tes t  procedure is t o  provide a quan t i t a t ive  method of 
determining t h e  phase q u a l i t y  acquired i n t o  t h e  feed 
supply network for evaluation of  phase exclusion effici-  
ency and t h e  phase s e n s i t i v e  thermodynamic processes. 
This is accomplished with t h e  mixed gas procedure because 
of t h e  vapor pressure d i f f e rences  of t h e  two gases. 
a l i q u i d  a i r  mix is  used, t h e  l i q u i d  phase w i l l  be 80% 
N 2  - 20% 02, and t h e  vapor phase w i l l  be 92% N 2  - 8% 02. 
Nitrogen ana lys i s  of  t h e  e f f l u e n t  gas w i l l  i d e n t i f y  
whether vapor phase, l i q u i d  phase or a mixture w a s  
acquired i n t o  t h e  feed-supply l i n e .  

The purpose of t h i s  

If 

The oxygen-nitrogen mixed gas tes t  procedure is  
considered e s s e n t i a l  as a development evaluation t o o l  
and as an acceptance tes t  procedure f o r  s u b c r i t i c a l  
storage systems. 

2.2.4.5 

Liquid expulsion from a tank is by volumetric displace- 
ment of vapor phase a t  t h e  rate of l i q u i d  vaporization 
t o  t h e  u l l age .  The mass of l i q u i d  which must be vapor- 
ized t o  expel a u n i t  mass of l i q u i d  ( A  ML/M) is  given i n  
t h e  equation a t  l e f t .  
function of t h e  hea t  of vaporization a t  t h e  operating 
pressure.  

Liquid Phase Expulsion and Cooling 

The hea t  input requi red  i s  a 

If q represents  t h e  hea t  of vapor iza t ion ,  then t h e  heat 
required t o  expel a u n i t  mass of l i q u i d  a t  constant 
pressure is given by: 

The a t tached  f igu res  shows a comparison of t h e  hea t  
required t o  expel a u n i t  mass of l i q u i d  or vapor a t  
equilibrium conditions.  
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Theoret ical ly ,  i f  t h e  l i q u i d  expel led from t h e  tank is 
u t i l i z e d  by complete vaporizat ion i n  a s h i e l d  t o  inter-  
cept  t h e  hea t  inflow, t h e  equilibrium flow rate w i l l  
approach a vapor vented system. However, t h e  s p e c i f i c  
hea t  t o  f l o w  is extremely low at  l o w  pressures ,  there-  
f o r e  an extremely high r a t i o  of heat  i n t e rcep t ion  t o  
heat  transmission is  required a t  t h e  low pressure region 
i n  order  t o  approach t h i s  optimum. This is shown on t h e  
f i g u r e  a t  left .  

Tests have been conducted at  Bendix on s h i e l d  design 
tanks and on tanks i n  which a l i q u i d  shroud surrounds 
t h e  pressure vesse l .  In  no instance thus far  has t h e  
heat  t r a n s f e r  t o  t h e  inner  ves se l  been eliminated or 
completely reduced as t h e o r e t i c a l l y  ind ica ted .  

An approximation method has  been derived f o r  calcula-  
t i n g  the  equilibrium flow rate a t  varfous pressures  
f o r  l i q u i d  expulsion through a l i q u i d  cooled sh ie ld  
i n  a vesse l  having var ious numbers of sh i e lds .  Account 
is taken of  t h e  conductive hea t  transfer t o  t h e  pres-  
su re  vessel and a c e r t a i n  port ion of uncooled sh ie ld  as 
estimated from empir ical  da ta .  

The adjacent  f i g u r e  shows t h e  t h e o r e t i c a l  equilibrium 
flow rate versus operation pressure f o r  l i q u i d  expul- 
s ion  of oxygen. 
used as examples with t h e  innermost s h i e l d  cooled i n  
each case, 

Pour d i f f e r e n t  heat  leak  tanks are 

A comparison of t h e  t h e o r e t i c a l  l i q u i d  and vapor expul- 
s ion ,  equilibrium flow rates and the  minimum dq/dm 
s u p e r c r i t i c a l  flow rate f o r  a p a r t i c u l a r  tank is shown 
a t  t h e  l e f t .  The l i q u i d  expulsion is through a l i q u i d  
cooled s h i e l d  without s h i e l d  vapor phase cooling i n  the  
examples. 

Liquid expulsion with l i q u i d  sh i e ld  cooling can s i g n i f i -  
can t ly  Teduce t h e  flow rate over a non s h i e l d  cooled 
system. 
operat ing pressure and r equ i r e s  extremely e f f i c i e n t  
vaporizat ion heat  t r a n s f e r  and heat  in te rcept ion .  
Prototype tests ind ica t e  t h a t  extreme hea t  t r a n s f e r  
design problems would be encountered. 

This method is  extremely s e n s i t i v e  a t  l o w  

2.2.4.6 Joule-Thompson Expansion 

Suf f i c i en t  test work has  been performed on sh ie ld ing  and 
shrouded tanks t o  r e a l i z e  t h a t  it is v i r t u a l l y  impossible 
t o  i n t e r c e p t  a l l  hea t  t r a n s f e r  i n t o  t h e  pressure ves se l  
with a reasonable weight i n su la t ion  system. 
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The expansion cooling process provides a means of 
absorbing i n t e r n a l  heat  energy and r e j e c t i n g  it from 
t h e  system. 
be accomplished. The process is  i d e a l l y  s u i t e d  t o  t h e  
concept of  l i q u i d  phase acqu i s i t i on  and expulsion. 

P r i o r  R E D con t r ac t s  have u t i l i z e d  an i n t e r n a l  expan- 
s ion  ( t h r o t t l i n g )  valve. 
t l i n g  valve is  t h a t  it can accommodate a wide range of  
flow r e s u l t i n g  from a s i n g l e  or two-phase supply. 
t i o n a l  r e l i a b i l i t y  f o r  long term missions and f a i l u r e  
problems have been encountered i n  t h e  p r i o r  systems. 

In t h e  process ,  s h i e l d  vapor cooling can 

The advantage of t h e  t h r o t -  

Opera- 

Bendix is cu r ren t ly  performing F33615-67-C-1954 cont rac t  
f o r  a s u b c r i t i c a l  oxygen system which embodies a 
capillary-wick l i q u i d  acqu i s i t i on  and expulsion device 
followed by l i q u i d  flow through an o r i f i c e  t h r o t t l i n g  
device.  The reason f o r  t h e  o r i f i c e  design is t o  
el iminate  t h e  moving valve mechanism I n  t h e  cryogenic 
environment and improve t h e  r e l i a b i l i t y  of t h e  funct ion.  

A wide range of flow is not  a c t u a l l y  required with t h e  
l i q u i d  acqu i s i t i on  system, s ince  t h e  expansion heat  
exchange funct ion is  only required a t  t h e  low end of  
t h e  system flow range by v i r t u e  of t h e  system thermal 
design . 
The Joule-Thompson effect is  an en tha lp i c  t h r o t t l i n g  
process whereby a f l u i d  of  s p e c i f i c  p r e s s w e ,  volume 
and temperature is t h r o t t l e d  (expanded) ad iaba t i ca l ly  
t o  a lower pressure ,  l a r g e r  volume and lower tempera- 
t u r e  state. 

The diagram on t h e  following page shows t h e  region of  
i n t e r e s t  and t h e  thermodynamic paths  of t h e  f l u i d  during 
operat ion.  
condi t ion after tank f i l l f n g .  
follows path ABCD. 
s i b l e  operat ing pressure  poin ts  t o  present  various 
operat ing condi t ions.  
point  B t o  B-1, C t o  C-1 or D t o  D-1 depending upon t h e  
operat ing pressure.  
and vaporizes i n  t h e  i n t e r n a l  heat  exchanger along path 
B-1 t o  B-2 a t  which poin t  it is completely vaporized. 
The vapor continues t o  absorb heat  along path B-2 t o  
B-3. 
t u r e  at  t h e  lower pressure e s t ab l i shed  by t h e  o r i f i c e  
device and is completely vaporized. 
t h e  l a t te r  por t ion  of t h e  vaporizat ion process and 
subsequent warming of t h e  vapor w i l l  occur i n  t h e  vapor 
cooled sh ie ld .  The ava i l ab le  r e f r i g e r a t i o n  is u t i l i z e d  
both t o  absorb i n t e r n a l  hea t  and in t e rcep t  incoming 

State point  A represents  t h e  i n i t i a l  f l u i d  
Tank pressure buildup 

Points  B,  C ,  and D are t h r e e  pos- 

Fluid t h r o t t l i n g  occurs from 

The expanded f l u i d  B - 1  is two phase 

A t  Be3 t h e  f l u i d  is again a t  its o r ig ina l t empera -  

In appl ica t ion ,  
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ieat. This is a p r a c t i c a l  approach since t h e  internal, 
t h r o t t l i n g  process is not  p e r f e c t l y  ad iaba t i c  and t h e  
ieat exchange process is npt p e r f e c t l y  i sochor ic  . 
rhe ava i l ab le  r e f r i g e r a t i o n  i s  shown on t h e  adjacent  
Figures f o r  hydrogen and oxygen, with pepresenta%ive 
3perating and de l ivery  pressures. 

rhe preliminary test  work on F33615-67-C-195Y o9ptrac.t 
to determine t h e  temperature d i f f e r e n t i a l  aqrQss aq 
x i f i ce  device under various condi t ions is comp,lete. The 
m i f i c e  devices t e s t e d  cons i s t  of  a m u l t i p l i c i t y  o f  in- 
Line and p a r a l l e l  o r i f i c e s  with d i f fe ren$  flow rate 
zha rac t e r i s t i c s .  
run. 
i r en t  A P condi t ions is shown on t h e  botqon adjacent  
zhart .  
gas a t t a i n e d  a t  pressure d i f f e r e n t i a l s  o f  35 to 80 p s l  
2nd l i q u i d  ni t rogen flow ranging from less thTn 0.2 
Lbs/hr t o  over 4 lbs/f?r.  

Both vapor apd l i q u i d  phase teg ts  wepe 
The predicted temperqture d i f f e r e n t i a l  wish d i f f -  

Excel lent  agreement with t h e  predic$sd. vq3,1,1qs 

2.2.5 Tank Baffles 

Baffles can be designed i n t o  a cryogenic tank t o  pqsi6t  
low Itgtl l i q u i d  phase o r i e n t a t i o n  and dampep high ampli- 
tude l i q u i d  s losh ing  due t g  random accelenat$on forces. 

2.2.5.1 

Phase o r i en ta t ion  con t ro l  is a problem tQat i s  gqneTal3,y 
3ssociated with system flow and pressure cont ro l .  
primary considerat ioqs are: 

( a >  Phase expulsion con t ro l ,  

Baffles f o r  Liquid Phase Orientat ion 

The 

(b 1 Expulsion eff ie iency , and 

(c> Weight E cQmplexity of  phase o re i en ta t ion  
equipment. 

The pos i t i on  of t h e  l iqu id /gas  i n t e r f a c e  i n  a sphe r i ca l  
tank without b a f f l e s  subjected t o  zero "g" condi t ions 
was previously discussed i n  2.2.4.3. This type  a5 phase 
o r i en ta t ion  i s  expected throughout t h e  zero aqd vevy low 
"g" mission p r o f i l e .  

The vapor phase bubble as s h o w  a t  l e f t  w i l l  be displaced 
randomly around t h e  tank w a l l  as t h e  accelerq'tion envi- 
ronment and l i q u i d  quant i ty  var ies .  Under these  condi- 
t i ons  a conventional design (open tube)  elrpulsLon por t  
w i l l  acqui re  l i q u i d  or vapor phase i n  a random or uripre- 
d ica tab le  mapner. Baffle s h e l l s ,  r i ngs  or  screens can 
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be appl ied t o  o r i e n t  t h e  f l u i d  phase i n  zero or very 
low "g" environment. 
t h e  b a f f l i n g  requi red  w i l l  increase s i g n i f i c a n t l y  wifh 
tank s i z e  and acce le ra t ion  environment. 

The capillary-wick feed system e l imina tes  t b e  need for  
b a f f l e  o r i en ta t ion  t o  obta in  pred ic tab le  phase expulsion 
because of  t h e  quadrant (mul t ip le )  pos i t ion ing  of t h e  
wick supply po r t s .  In  pracizice, t h e  capillary-wick feed 
system is a method of  applying a mul t ip l ic$ ty  of supply 
po r t s  ( i n  p a r a l l e l )  i n  t h e  tank so as t o  assure l i q u i d  
phase expulsion even though only one capillary-wick 
por t  is exposed t o  l i q u i d  phase. This is des i r ab le  t o  
minimize or el iminate  b a f f l e  weight for phase expulsion 
cont ro l .  

It is apparent t h a t  t h e  weight of  

Baffles also appear t o  present  an expulsion efficiency 
problem by o r i en t ing  or trappilrg l i q u i d  Demote fram t he  
supply po r t s .  In  view of t h i s  problem, a l l  i n t e r n a l  
protuberances should be designed so -khat l i q u i d  phase 
w i l l  "wet"  and f l o w  f r e e l y  t q  t h e  supply por t  regions;. 

2.2.5.2 Baffles f o r  Slosh Control 

(1) Sumner 
"sloshing" within sphe r i ca l  tanks can be achieved by 
using a s i n g l e  r i n g  b a f f l e  as shown a t  left .  
increase  i n  damping or reduct ion i n  s losh ing  amplieude 
is poss ib le  by using a s i n g l e  f l e x i b l e  b a f f l e  ss opposed 
t o  a r i g i d  r ing .  

has shown t h a t  appreciable  reduct ions i n  

A fupther  

The ba f f l e  f l e x i b i l i t y  is governed by t h e  equation. 

where F = F l e x i b i l i t y  of  b a f f l e  
W = Baffle width 
t = Baffle thickness  
T 
p = Fluid dens i ty  
v,E = Poisson's r a t i o  and Young's modulus of 

= Period of l i q u i d  o s c i l l a t i o n  or  s loshing 

b a f f l e  material. 

(1) Sumner, I rv ing  E.,  Experimental Inves t iga t ion  pf 
Slosh-Suppression Effect iveness  of  Annular-Ring 
Baffles i n  Spherical  Tanks. 
NAS TND-2519, 1964. 
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An i d e a l  design f l e x i b i l i t y  value would appear t o  be 
F = 0.02. 

Because a r i n g  b a f f l e  w i l l  restrict t h e  i d e a l  l i q u i d  
phase o r i e n t a t i o n  at low ttg" condi t ions , some compro- 
mise must be reached between t h e  i d e a l  f l e x i b l e  b a f f l e  
configurat ion and t h e  configurat ion necessary t o  allow 
zero "g" wet t ing of t h e  pressure ves se l  w a l l  and l i q u i d  
flow t o  t h e  supply po r t s .  

2.3 

I 

Operation & Control - Thermal/Themnodynamic 
Management 

The thermal and thermodynamic elements of t h e  system can 
be managed i n  consonance t o  provide a wide range of  
performance, con t ro l  and durat ion values.  

The b o i l e r  p l a t e  tank developed under t h i s  con t r ac t  is 
used as an example i n  p a r t  of t h e  following discussion. 
This tank is sphe r i ca l ,  contains  1200 lbs of oxygen and 
has a vapor cooled s h i e l d  for i n su la t ion .  

2 .3 .1  Typical Tank Flow Performance-Supercritical 

Graph I below shows t h e  equilibrium and constant flow 
predic t ions  f o r  t h e  b o i l e r  p l a t e  tank. 
confirm t h i s  performance. 

Subsequent tests 

I 

EQUILIBRIUM FLOW RATE & MISSION DURATION CHARACTERISTICS OF 
OXYGEN & HYDROGEN TANKS NAS 9-5491 (NTP) I 

TIME-DAYS 

GRWH I 11.3884-68-113 

In  t h e  Graph I presenta t ion ,  mission durat ion is esti-  
mated on t h e  bas i s  of  constant  flow a t  m i n i m u m  dq/dm 

, condi t ions.  This is a minimum mission durat ion capa- 
, b i l i t y  based upon t h e  equilibrium flow cons t r a in t .  
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2.3.2 Flow and Relief - Subcr i t i ca l  

S u b c r i t i c a l  aircraft oxygen systems are designed t o  
provide a high range of flow con t ro l  and accomplish 
a puls ing flow on a demand b a s i s  f o r  personnel breathing. 
This is accomplished by f l u i d  c i r c u i t  design t h a t  per- 
forms a self compensating management of  t h e  thermal 
thermodynamic processes of t h e  system. 
imum flow rates of 1:50 are r ead i ly  accomplished. 

The s u b c r i t i c a l  oxygen system t h a t  is cu r ren t ly  being 
fabr ica ted  under F33615-67-C-1954 cont rac t  w i l l  u t i l i z e  
t h e  c a p i l l a r y  wick l i q u i d  acqu i s i t i on  concept for vapor 
exclusion of t h e  i n i t i a l  supply f l u i d .  

The minimum flow rate requirement is accomplished by 
l i q u i d  phase flow through a Joule-Thompson o r i f i c e  
and i n t e r n a l  heat  exchanger. 

The maximum flow requirement is  accomplished by l i q u i d  
phase flow d i r e c t l y  t o  t h e  ex te rna l  c i r c u i t .  Switching 
between t h e  two flow c i r cu i t s  is accomplished automati- 
c a l l y  on a supply l i n e  pressure demand bas i s .  
c i r c u i t r y  is qu i t e  similar t o  aircraft c i r c u i t r y .  Flow 
response and pressure con t ro l  performance are expected 
t o  be of t h e  same order .  

I 

Minimum t o  max- 

The system 

The r a t i o  of minimum t o  maximum continuous flow rate 
without supplemental power is expected t o  be 1:lO or 
g r e a t e r  i n  t h e  equilibrium region.  
good range of con t ro l  f o r  most space system appl ica t ions .  

An important aspect  of flow cont ro l ,  p a r t i c u l a r l y  f o r  
s u b c r i t i c a l  systems, is t h e  pressure relief function. 
System pressure r e l i e v i n g  can occur f o r  many reasons from 
i n i t i a l  acceptance tes t  through in t eg ra t ion  checkout t o  
f i n a l  mission operat ion.  The funct ion is needed and it 
is c r i t i ca l  i n  terms of r e l i a b l e ,  l o w  leakage, repeta-  
t i v e ,  performance f o r  long mission systems. In  many 
appl ica t ions  t h e  power l e v e l  may be reduced f o r  some 
reason t o  an unusually l o w  l e v e l  for a s i g n i f i c a n t  
period of t i m e .  
system l e v e l  out a t  some equilibirum flow below a nominal 
system operat ion l e v e l .  Maximum thermodynamic r e f r ige ra -  
t i o n  must be appl ied t o  t h e  relief flow c i r c u i t  which 
requi res  a r e l i a b l e  r e l i e f  valve r e sea l ing  funct ion.  

2.3.3 

If t h e  emi t t ing  surface of t h e  outer  s h e l l  is  cooled 
from 7OoF t o  -65OF t h e  t o t a l  ves se l  hea t  input  w i l l  be 
reduced by a f a c t o r  of 0.60 t o  0.67. 

This provides a 

It i s  des i r ab le  t h a t  t h e  cryogenic 

I 

Effect of Environment Temperature Control 

This has been con- 
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HEAT LEAK AS A FUNCTION OF 
OUTER SHELL TEMPERATURE 
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firmed by co ld  box, refrigeration and in su la t ion  tests 
on t h e  NAS 9-2978 program. 

( a )  

(b)  

or i n  p a r t  by 

(c) 

The constant  flow mission durat ion is increased by the  
value of heat  input  reduct ion by 2.5 t o  3 times. Graph 
I1 shows t h e  effects of ou ter  s h e l l  temperature on the  
heat  leak of t h e  thermal model dewar fabr ica ted  
on t h i s  cont rac t .  

This can be accomplished by: 

A r e f r i g e r a t i o n  c o i l  on t h e  outer  s h e l l ,  

Laminar insu la t ion  on t h e  ou te r  s h e l l ,  

Gold p l a t ing  o f  t he  ou te r  s h e l l .  

2.3.4 Effect of Joule-Thompson Throt t l ing  

Graph I11 shows i n t e r n a l  Joule-Thompson t h r o t t l i n g  of 
t h e  expulsion f l u i d .  Supe rc r i t i ca l  pressure f l u i d  or 
l i q u i d  phase s u b c r i t i c a l  f l u i d ,  w i l l  double t h e  heat  
t o  flow as compared t o  non-throt t led s u p e r c r i t i c a l  f l u i d  
expulsion. This process can double t h e  mission duration 
capab i l i t y .  Joule-Thompson expansion and hea t  t r a n s f e r  
e f f ic iency  of a s u p e r c r i t i c a l  f l u i d  is a poin t  i n  ques- 
t i o n  and requi res  f u r t h e r  t e s t  work. 

2.3.5 

Tests ind ica t e  t h a t  vapor cooling i n  t h e  s h i e l d  insula-  
t i o n  can be expected t o  reduce t h e  e f f e c t i v e  hea t  input 
t o  t h e  pressure ves se l  by: 

Effect of Vapor Cooling i n  t h e  Shields 

( a )  1 0  - 15% f o r  oxygen and ni t rogen and 

(b) 50 - 80% f o r  hydrogen. 

Therefore, t h i s  process w i l l  increase t h e  constant  flow 
mission durat ion capab i l i t y  by these  amounts. 

2.3.6 Environment Temperature Control,  Thro t t l ing ,  
Vapor Cooling Effects 

The effects of i n t e r n a l  thermodynamic hea t  exchange, 
s h i e l d  vapor cooling and outer  s h e l l  temperature cont ro l  
a r e  add i t ive  i n  terms of con t ro l l i ng  t h e  e f f e c t i v e  hea t  
input or increasing t h e  mission durat ion c h a r a c t e r i s t i c s .  
In t e rna l  thermodynamic hea t  exchange and s h i e l d  vapor 
cooling i n  series can be self compensating; however, 
the e f f i c i e n c i e s  of these  processes are important and 
generally appear as follows: 

1 
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COMPARISON OF FLOW RATE SUPERCRITICAL 
VS SUB-CRITICAL OXYGEN 
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2.3.7 Thermal Tolerance o f  Subc r i t i ca l  vs Supe rc r i t i ca l  
Operat ion 

- 

The in t e rcep t  of s u p e r c r i t i c a l  curve AB and s u b c r i t i c a l  
l i n e  F I  on Graph I11 is a poin t  i n  question. 
test  da t a  is required t o  reso lve  these  process effici- 
encies .  

Further 

The s p e c i f i c  thermal to le rance  of t h e  var ious concepts 
must then be analyzed i n  over -a l l  system context as des- 
cr ibed i n  Graph I V .  The mission durat ion c h a r a c t e r i s t i c s  
of a s u p e r c r i t i c a l  tank system can be increased about 35% 
when appl ied i n  a 3-tank c l u s t e r  by o f f s e t t i n g  t h e  thermo- 
dynamic operat ion of each tank.  This f ea tu re  is a l s o  
addi t ive  t o  i t e m s  (2.3.3) (2.3.4) and (2.3.5) above. 
There is no apparent mission durat ion advantage t o  c lus-  
t e r i n g  s u b c r i t i c a l  tanks.  

COMBINED FLOW CHARACTERISTICS OF THREE 9-2978 OXYGEN TANKS 

TIME-DAYS 
)I i YIN dpldn REGlON 

- ~-3aa4.t.a.21~ 

2.3.8 Thermal S e n s i t i v i t y  of S u b c r i t i c a l  vs 
Supe rc r i t i ca l  Operation 

Graph V shows t h e  flow rate per  u n i t  of heat  input  f o r  
s u p e r c r i t i c a l  and s u b c r i t i c a l  operat ion.  

The r a t i o  of flow between t h r o t t l e d  and non-throt t led 
s u b c r i t i c a l  l i q u i d  expulsion (over 1 5 : l )  has s i g n i f i c a n t  
con t ro l  p o t e n t i a l ,  p a r t i c u l a r l y  f o r  emergency EVA, 
cry0 power and propulsion appl ica t ions .  

The very low hea t  t o  flow indica tes  t h e  s e n s i t i v i t y  of 
t h e  system t o  thermal in su la t ion  variance.  System 
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3.0 CRYOGENIC STORAGE SYSTEM D E S I G N  AND F A B R I C A T I O N  
EVALUATION 

Longer mission cryogenic s torage  systems r equ i r e  l a r g e r  
tanks because of  t h e  genera l ly  l a r g e r  f l u i d  q u a n t i t i e s .  
This has an impact on t h e  design and f a b r i c a t i o n  of t h e  
tankage system due t o  t h e  cr i t ical  technologies involved. 

A cryogenic s torage  vesse l  must withstand both high pres- 
sure and very high vacuum. This i n t e g r i t y  must be main- 
t a ined  from t h e  cryogen f l u i d  temperature of -400OF t o  
t h e  vacuum processing temperature of +3OO0F.  
tubes and electrical lead  j o i n t s ,  s t r u c t u r e  weld j o i n t s  
and s h e l l  w a l l  c h a r a c t e r i s t i c s  must be highly cont ro l led  
t o  provide t h e  r e q u i s i t e  q u a l i t y .  Materials s e l e c t i o n  
and p rope r t i e s  must accommodate t h e  extreme temperature 
environments with extremely low outgassing t o  maintain 
a stable high vacuum property. 

Fluid 

With increases  i n  tank s i z e ,  many of t h e  normally 
important design and processing f a c t o r s  become c r i t i ca l  
i n  terms of probabi l i ty .  The problem assoc ia ted  with 
l i n e a r  length of welds, number of pene t ra t ion  j o i n t s ,  
vacuum exposed surface area, thermal and s t r u c t u r a l  
stress a l l  increase .  Se lec t ion  of propulsion materials, 
design f e a t u r e s ,  f a b r i c a t i o n  processes and con t ro l  
procedures Secome extremely important. 

A s i g n i f i c a n t  p a r t  o f  t h e  cont rac t  study w a s  t o  evaluate 
f a b r i c a t i o n  and design procedures t h a t  can be success- 
f u l l y  appl ied  t o  l a r g e ,  long duration, tank systems. It 
would be d i f f i c u l t  t o  summarize t h i s  da t a ,  p a r t i c u l a r l y  
t h e  f a b r i c a t i o n  da ta ,  s ince  d i f f e r e n t  procedures apply 
t o  d i f f e ren t  design and s i z e  tanks  depending upon t h e  
app l i ca t ion  and objec t ives .  

This da t a  is presented i n  t h e  appendix and a review of 
t h a t  material w i l l  be use fu l  t o  those engaged i n  t h e  
design and f a b r i c a t i o n  of cryogenic s torage  systems. 
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thermal qua l i t y ,  long t e r m  thermal p r e d i c t a b i l i t y  and 
r e l i a b i l i t y  i n  t h e  con t ro l  c i r c u i t  are important f a c t o r s .  
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4.0 RECOMMENDATIONS I I 4.1 Thermal-Thermodynamic Design - -  - 
The thermal design approach has been t o  d i f f e r e n t i a t e  
t h e  hea t  t r a n s f e r  modes and then t o  maximize the  con- 
t r o l  of  each b a s i c  heat  t r a n s f e r  mode. This approach 
fits t h e  evolutionary development upgrading. 

The bas i c  s ta t ic  hea t  input  i n t o  t h e  dewar can be con- 
ver ted t o  a lower e f f e c t i v e  heat  input ,  r e s u l t i n g  i n  
lower flow, by u t i l i z i n g  t h e  thermodynamic r e f r i g e r a -  
t i o n  of t h e  supply stream. 
a maximum ava i l ab le  thermodynamic r e f r i g e r a t i o n .  
mizing flow (or maximizing mission dura t ion)  is a 
d i r e c t  funct ion of  t h e  conservation and e f f e c t i v e  appl i -  
ca t ion  of t h e  ava i l ab le  thermodynamic r e f r ige ra t ion .  

For any given flow the re  is 
Mini- 

The t h r o t t l i n g  and heat  exchange within t h e  pressure 
ves se l  depend upon t h e  e f f i c i ency  of t h a t  s p e c i f i c  
process.  

The e f f e c t i v e  heat  t r a n s f e r  a s  a r e s u l t  of vapor cooling 
is more complex. Vapor cooling of t h e  in su la t ion  causes 
an increase  of t h e  environment heat  t r a n s f e r  i n t o  t h e  
in su la t ion  system due t o  an increased AT i n  t h a t  outer-  
most i n su la t ion  region. Heat transmission t o  t h e  pres- 
s u r e  ves se l  is reduced due t o  a reduced AT i n  the  
in su la t ion  adjacent  t o  t h e  pressure vesse l .  

When t h i s  is converted t o  supply stream thermodynamics 
i n  t h e  in su la t ion  region,  t h e  t o t a l  enthalpy change i n  
the  supply stream is not  t h e  only cr i ter ia  f o r  system 
e f f i c i ency  but r a t h e r  , t h e  enthalpy change per  un i t  
reduction of  heat  transmission i n t o  t h e  pressure vesse l .  
For example, an enthalpy change of 5 Btu/lb. i n  t he  
s h i e l d  adjacent  t o  t h e  pressure ves se l  is j u s t  as 
e f f e c t i v e  as a 25 Btu/lb. change i n  an ou te r  she i ld .  
On t h i s  b a s i s ,  for a given vapor cooling func t ion ,  t h e  
lowest enthalpy change maximizes t h e  conservation of 
thermodynamic r e f r i g e r a t i o n  and more cool ing functions 
can be performed. 

To obta in  t h e  maximum advantage from t h e  ava i l ab le  
vapor cooling it is  general ly  found t h a t :  

( a )  Vapor cooling is most e f f e c t i v e l y  appl ied t o  a 
r ad ia t ion  mode heat  t r a n s f e r .  

Vapor cool ing should be appl ied first t o  the  
innermost co ld  in su la t ion  regions.  

(b) 
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( c )  Vapor cooling is i n e f f i c i e n t  when appl ied t o  a 
conductivity mode of  hea t  t r a n s f e r  due t o  t h e  
high r a t i o  of heat  absorbed t o  hea t  transmission. 
This is  due t o  t h e  ava i l ab le  material proper t ies  
and t h e  conduct ivi ty  mechanism. 

Since r ad ia t ion  hea t  t r a n s f e r  cons t i t u t e s  a l a rge  
port ion of t h e  hea t  u l t imate ly  t ransfered  t o  t h e  
cryogen it lends itself f o r  considerat ion t o  improve 
t h e  mission c a p a b i l i t i e s  of t h e  s torage system. 
Analysis of t es t  da ta  ind ica t e  n e t  hea t  t r a n s f e r  t o  
be e s s e n t i a l l y  proport ional  t o  the  e f f e c t i v e  
emissivi ty  of t h e  r a d i a t i v e  surfaces .  
ments i n  lowering r ad ia t ion  hea t  t r a n s f e r  can evolve 
around t h e  determination of t h e  bas ic  physical  charac- 
ter is t ics  t h a t  produce low emiss iv i t i e s .  
should be analyzed and methods invest igated t o  prepare 
and preserve these  surfaces .  

Furrner improve- 

These concepts 

Design in t e rp re t a t ion  of t h i s  information supports t h e  
d i s c r e t e  sh i e ld - r ad ia l  bumper concept, s ince  it is  
e s s e n t i a l l y  a r ad ia t ion  mode design. It a l s o  poin ts  
up t h e  importance of minimizing t h e  bas i c  thermal con- 
duc t iv i ty  t o  the  lowest poss ib le  value p r i o r  t o  vapor 
cooling t h e  conductive (bumper) elements f o r  an 
e f f i c i e n t  operation. 

The tank designs on NAS 9-2978, NAS 9-4634 and NAS 9-5491 
cont rac ts  have no vapor cooling of t h e  bumpers and are 
thermally i so l a t ed  from vapor cooling. This was done t o  
obtain t es t  and s ta t is t ical  evidence of t h e  a c t u a l  
thermal conductivity values.  

Further thermal improvements can evolve through vapor 
expansion cooling i n  t h e  insu la t ion  region,  mult ishield 
vapor cooling and vapor cooling of t h e  conductivity 
elements. This should be accomplished i n  t h e  vacuum 
annulus region designated as t h e  r ad ia t ion  mode cont ro l  

, r e g i o n  of t h e  insu la t ion  package, i . e . ,  t h e  inner  cold 
region most s u i t e d  t o  a r ad ia t ion  mode of hea t  t r a n s f e r  
cont ro l .  

Wen t h e  above thermal/thermodynamic features have been 
optimized (s ince  these  impose low weight),  w e  must look 
t o  con t ro l  (temperature) of t h e  outer  annulus r ad ia t ion  
emit t ing sur face  fo r  improvement. This is accomplished 
by t h e  following methods i n  s ingular  or combined appl ica-  
t i on .  

( a )  

(b) 

Tank t o  sh ip  thermal i s o l a t i o n  mount 

Gold p l a t e  of the  ex te rna l  sur face  of  t h e  outer  
s h e l l  
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c) Externa l  laminar i n su la t ion  design 

d )  Refrigeration of ou te r  s h e l l  

e )  F ina l  vapor cooling of  t h e  ou te r  s h e l l  and 
s l i p  t o  tank s t r u c t u r a l  attachments 

'he present state-of-the-art  coupled with t h e  above 
improvement recommendations provide t h e  design f ea tu res  
:or extension of Cryogenic Storage Systems mission 
zapabi l i t i es  t o  an excess of two years. 

is t h e  tank s i z e s  increase ,  t h e  standard r i g i d  dual w a l l  
iesign imposes a continuously increasing weight penalty 
h e  t o  t h e  buckling cons t r a in t s  of t h e  outer  s h e l l .  
%r the r  design work on a l t e r n a t e  in su la t ion  design 
ipproaches are recommended which would be d i r ec t ed  
:oward s t a b i l i z i n g  t h e  in su la t ion  weight / f t2  of tank 
surface with increased tank s i ze .  It is  extremely 
important, however, t h a t  t h e  thermal/thermodynamic 
lesign technology reported herein is r i g i d l y  adhered 
-0 and embodied i n  t h e  a l t e r n a t e  des ign(s )  i f  any 
)vera11 weight improvement is t o  be accomplished. 

Thermal-Physical Design 

'ryogenic Storage System weight i s  dependent upon t h e  
thermal design. 
is reliable and predic tab le ,  then t h e  weight is predic t -  
ible.  

If t h e  thermal/thermodynamic design 

Significant weight improvement s t e p s  f o r  t he  Cryogenic 
Storage System are shown i n  t h e  Thermal-Physical 
Development diagram i n  paragraph 1 . 0  and are f u r t h e r  
i den t i f i ed  as follows: 

Continued improvement of sh i e ld  emiss iv i ty  values. 

Continued improvement of vapor cooling and 
t h r o t t l i n g  expansion e f f i c i e n c i e s  i n  i n t e r n a l  
and s h i e l d  hea t  exchangers. 

Continued development of a reliable feed system 
f o r  low pressure subcritical s torage .  

Continued development of higher s t r eng th  pressure 
vessel materials and f ab r i ca t ion  techniques. 

Continued development of sandwich contruction ou te r  
vacuum jacke t  . 
Continued development of intermediate temperature 
region laminar i n su la t ion  sh ie lds .  
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(g) Continued development of warm region laminar sh i e ld  
in su la t ion  wraps. 

Increased development e f f o r t  on design and tes t  of 
a l t e r n a t e  in su la t ion  schemes for l a r g e r  s i z e  tanks ,  

(h) 
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SECTION B 

PHASE I1 - VESSEL AND SHELL FABRICATION 

1 .0  PRESSURE VESSEL FABRICATION 

The lower pressure  c y l i n d r i c a l  vesse ls  were f ab r i ca t ed  
from low s i l i c o n  301 s ta inless  steel  by t h e  Ardeform 
process. The s p h e r i c a l  vesse ls  f o r  both high and low 
pressures were constructed from Inconel 718 using t h e  
inturgescent bulge forming process. 
a l s o  formed by t h i s  process using 6061 Aluminum. 

Outer s h e l l s  were 

1.1 Ardeform Pressure Vessels 

1.1.1 - Description of Ardeforming 

Arde, Inc. of Paramus, New Je rsey ,  has developed a 
propr ie ta ry  process known as Ardeforming. 
involves t h e  s t r e t c h i n g  or swelling a t  cryogenic tempera- 
t u r e s  of  undersized preforms i n t o  f u l l  s i z e  pressure 
vesse ls  using a modified 301 s t a i n l e s s  steel. 
i ng  is  performed by submerging a preform i n t o  l i q u i d  
nitrogen and pumping l i q u i d  n i t rogen  i n t o  t h e  preform. 

In t h e  f ab r i ca t ion  of pressure vesse ls  fo r  aerospace 
appl ica t ions  t h e r e  are seve ra l  p o t e n t i a l  advantages i n  
using t h i s  process. 

( a )  

This process 

S t re tch-  

The cryoformed material has a higher s t r eng th /  
weight r a t i o  than most o t h e r  materials and s t i l l  
maintains o the r  des i r ab le  c h a r a c t e r i s t i c s ,  p a r t i -  
c u l a r l y  for cryogenic tankage appl ica t ions .  

(b)  The modified 301 s t a i n l e s s  steel  material has a 
lower c o s t  than competing materials. 

The modified 301 s t a i n l e s s  s teel  is r e l a t i v e l y  
easy t o  form and weld i n t o  a preform. 

The cryoforming process is a s t r eng th  test  of 
t h e  vesse l .  A ves se l  with a s i g n i f i c a n t  f l a w  
w i l l  f a i l  during cryoforming and not proceed 
along a schedule t o  f i n a l  f a i l u r e  after more 
money and t i m e  have been expended. 

(c )  

(d)  

1.1.2 Program Objective 

A s  t h e  s i z e  of  cryogenic tankage becomes l a r g e r  t h e  
above l i s t e d  p o t e n t i a l  advantages assume added impor- 
tance.  
and have been in t e re s t ed  i n  t h e  development of t h e  

NASA/MSC and Bendix have recognized t h i s  f a c t o r  
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lrdeform process. Two earlier programs were completed. 
[n one program Arde, Inc. ,  w a s  funded d i r e c t l y  by MSC 
For t h e  development of a sphe r i ca l  25" diameter vessel .  
[n'a second program Arde, Inc. , w a s  funded through 
3endix by MSC for t h e  development of pressure vesse ls  
For cryogenic oxygen and hydrogen. 

Xgni f icant  success w a s  achieved i n  each of these  pro- 
Zrams, but  certain shortcomings were also revealed. 
2onsequently t h e  present  program w a s  i n i t i a t e d  with 
the objec t ive  of overcoming these  conditions.  
these objec t ives  are l i s t e d  below. 

Four of 

In t h e  earlier program schedule delays and fai lures  
were a t t r i b u t e d  t o  unclean material. Contaminants 
entered t h e  material during melting and processing. 
These contaminants cause defec ts  t h a t  r e s u l t  i n  
f a i l u r e s  during welding or s t re tch ing .  
an o jbec t ive  w a s  t o  obtain a vacuum melted material 
which would produce a cleaner metal. 

Consequently 

I n  a cryogenic dewar, where t h e  pressure vesse l  is  
located within and supported from an ou te r  s h e l l ,  
dimensional accuracy becomes q u i t e  important. In 
ea r ly  programs Arde's s t r e t ch ing  technique involved 
performing t h i s  operation i n  t h e  f r e e  s ta te  (unres- 
t r i c t e d ) .  
l y  symmetrical vesse l .  
th ickness  va r i a t ion ,  weld thickness ,  f i t t i n g  boss 
r e s t r i c t i o n s ,  etc. ,  occurred. A s  a r e s u l t  vessels  
would vary from nominal dimensions as much as one- 
four th  inch. An object ive w a s  t o  develop a 
technique t o  f a b r i c a t e  a vesse l  whose contour w a s  
accura te  t o  within + 0.06. 

A t h i r d  objec t ive  w a s  t o  upgrade qua l i t y  con t ro l ,  
b e t t e r  documentation of p a r t s  and processes t o  
provide v i s i b i l i t y  of t h e  vesse l  configuration. 

In  theory t h i s  should produce a complete- 
Under a c t u a l  conditions w a l l  

- 

A four th  and most s i g n i f i c a n t  ob jec t ive  w a s  t o  
e s t a b l i s h  methods of  f ab r i ca t ion  and handling 
t h e  considerably l a r g e r  p a r t s  t h a t  were involved 
i n  t h i s  program. 

1.1.3 Program Description 

The cont rac t  between Arde, Inc.  and Bendix involved t h e  
design and f ab r i ca t ion  of a c y l i n d r i c a l  vesse l  with 
3pproximate hemispherical ends. 
for a vesse l  39.00 inches i n  diameter and 63.50 inches 
long. The vesse l  w a s  t o  be designed f o r  use with 
l i qu id  hydrogen with a minimum bur s t  pressure of 600 p s i  

The requirement w a s  
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The material used was a l o w  s i l i c o n  AISI-301 s t a i n l e s s  
steel ,  Arde Spec i f ica t ion  AES 256. This material d is -  
played exce l len t  proper t ies  a t  l i q u i d  hydrogen tempera- 
t u r e .  In order  t o  improve t h e  c leanl iness  of t h e  
material a vacuum melted material w a s  spec i f ied .  To 
f u r t h e r  e s t a b l i s h  t h e  capab i l i t y  t o  produce a clean 
material and p ro tec t  t h e  success of t h e  program, two 
separa te  hea t s  of  mater ia l  were spec i f ied .  
w a s  s u f f i c i e n t  t o  provide t h e  e n t i r e  requirement. 
Eastern S ta in l e s s  S t e e l  of Baltimore, Maryland, w a s  
se lec ted  t o  produce and roll t h e  material t o  t h e  
required thickness .  

Each hea t  

In order  t o  improve dimensional accuracy and repeat-  
a b i l i t y ,  it w a s  decided t o  s t r e t c h  t h e  vesse l  i n  a 
completely enclosed d i e  permit t ing t h e  f i n a l  s t r e t ch ing  
t o  s w e l l  t h e  vesse l  out aga ins t  t he  w a l l s  of t h e  d ie .  
It w a s  expected t h a t  t h i s  technique would provide a 
more accurate  vesse l  than would an unconfined free 
s t r e t c h .  

Bendix d i rec ted  Arde t o  prepare,  implement and document 
an inspect ion and tes t  plan t o  insure t h a t  f ab r i ca t ion  
and s t r e t ch ing  of t h e  preform and f in i sh ing  and t e s t i n g  
of t he  f i n a l  vesse l  would be i n  accordance with t h e  
design requirements. 
included i n  Appendix I1 of t h i s  repor t .  

The cont rac t  a l s o  required t h a t  Arde f ab r i ca t e  four  
preforms using p a r t s  and procedures es tab l i shed  and 
approved by Arde. Bendix made per iodic  reviews and 
aud i t s  t o  determine t h a t  Arde w a s  following its estab-  

l l i shed  spec i f i ca t ions  and procedures. 
p l e t ion  of t h e  four  preforms t h e  cont rac t  requiped 
Arde t o  successfu l ly  s t r e t c h  and de l ive r  t w o  cy l indr i -  
cal vesse ls  per  Bendix requirements. 

1 .1 .4  Program Resul ts  

Arde e f f o r t  w a s  i n i t i a t e d  on Apr i l  6, 1966. A purchase 
order w a s  i ssued t o  Eastern S ta in l e s s  Steel  Corporation 
for two 2,000 pound heats  of l o w  s i l i c o n  AIS1 301 vacuum 
melted material. 
and 96296. The f irst ,  96269, m e t  Arde's spec i f i ca t ion  
AES-256 i n  a l l  respec ts .  The second w a s  d iscrepant  i n  
t h a t  an ana lys i s  ind ica ted  an oxygen content of 64 p a r t s  
per  mi l l ion  while t h e  spec i f i ca t ion  l i m i t s  t h e  oxygen t o  
60 ppm maximum. A review revealed t h a t  a requirement of 
60 ppm w a s  w e l l  below l i m i t s  t h a t  had been successful ly  
used i n  welded and s t r e t ched  vesse ls .  This f igu re  w a s  
above t h e  maximum l e v e l  t h a t  t h e i r  suppl ie r  f e l t  he 
could meet. Consequently, it w a s  agreed t h a t  heat  96296 
would be accepted. 

This plan w a s  reproduced and is 

Following com- 

- 

Eastern provided hea t  number 96269 
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COMPLETELY CLOSED 
CRYOSTRETCH DIE 

The most s i g n i f i c a n t  preform manufacturing s t e p  was fab- 
r i c a t i o n  of t h e  hemispherical preforms with an in s ide  
diameter of 36.76 inches. 
companies f o r  f ab r i ca t ion  of t h i s  p a r t ,  Arde se l ec t ed  
t h e  B. H. Hubbert Company of Baltimore, Maryland. This 
company uses a deep draw process with a m a l e  punch and 
d r a w  r ing .  
i n  e s t ab l i sh ing  t h e  technique o f  forming a t h i n  walled 
s h e l l  without excessive wrinkling. 
Hubbert developed necessary procedures and cont ro ls ,  
and s a t i s f a c t o r y  hemispheres were provided. 

After inves t iga t ing  several 

Considerable development e f f o r t  w a s  involved 

However, Arde and 

During hemisphere development, Arde a lso undertook t h e  
f ab r i ca t ion  of one f u l l - s i z e  preform of  304L s t a i n l e s s .  
The primary purpose of t h i s  ves se l  w a s  t o  e s t a b l i s h  
techniques t o  handle these  l a rge  p a r t s  and assemblies 
through cleaning,  annealing, s t r e t ch ing ,  pol ishing,  
machining, etc. ,  and t o  develop welding procedures 
and setups.  

The i n i t i a l  plan for f ab r i ca t ion  of t h e  enclosing s t r e t c h  
d i e  involved deep drawn hemispherical ends and a r o l l e d  
c y l i n d r i c a l  sec t ion .  
t o  one hemisphere, and a b o l t  f lange w a s  welded t o  t h e  
open end. 
hemispherical end. Welding had caused some d i s t o r t i o n  
of t h e  p a r t  which caused a machining problem. 
machined, t h e  r e s u l t i n g  d i e  w a l l  i n  some areas w a s  too  
t h i n  f o r  t h e  design loads.  It w a s  necessary t o  refab- 
ricate most of t h e  d i e  which r e su l t ed  i n  an extended 
delay i n  t h e  program. 

The c y l i n d r i c a l  sec t ion  w a s  welded 

A second b o l t  f lange  w a s  welded t o  t h e  o ther  

When 

The rev ised  d i e  w a s  made up of segmented welded ends 
r a the r  than one piece deep drawn ends. This r e su l t ed  
i n  a more uniform w a l l  th ickness  i n  t h e  f in i shed  d i e .  
The f in i shed  completely closed cryostretch d i e  is  
shown on t h e  l e f t .  

The first preform w a s  s t r e t ched  i n  e a r l y  May 1967. 
One major ob jec t ive  of t h i s  s t r e t c h  w a s  t o  determine 
whether t h e  length of t h e  c y l i n d r i c a l  port ion of t h e  
preform w a s  accurate .  Arde w a s  concerned t h a t  t h e  
cy l ind i r ca l  length w a s  t oo  long. Therefore, it w a s  
decided t h a t  t h e  first preform would be s t r e t ched  i n  
a "stovepipe" d i e  , one which restricts t h e  c y l i n d r i c a l  
expansion but  not t h e  hemispherical ends. With t h i s  
technique t h e  vesse l  w a s  successfu l ly  s t r e t ched  
using a pressure of 745 p s i .  
versus Bendix requirements are tabulated.  

The f i n a l  dimension 
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FAILURE PATTERN OF 
CRYOSTRETCHED CYLINDER 

CRYOFORMED CYLINDRICAL VESSEL DIMENSIONS 

Spec Actual 

Diameter I N  39 + .06 39.02 - 
Length over bosses I N  ;k 65.5 

Volume I N 3  58,000 min. 58,622 

The vesse l  w a s  then age hardened and polished i n  accord- 
ance with Bendix requirements and w a s  subsequently 
hydrotested u n t i l  it f a i l e d .  
e s t ab l i shed  a t  645 p s i  with a 0.17 percent o f f s e t  y i e l d  
of 623 p s i .  
l e v e l s  of 247,000 p s i  and 238,000 p s i ,  r e spec t ive ly ,  
The 0.17 percent o f f s e t  is  equivalent to a 0 .2  percent 
o f f s e t  f o r  un iax ia l  tes t .  The hydroburst test r e s u l t s  
of t h i s  pressure  ves se l  w a s  reproduced and is  included 
i n  Appendix I1 of t h i s  r epor t .  

The b u r s t  p ressure  w a s  

These values are equivalent t o  stress 

Upon completion of t h e  closed s t r e t c h  d i e  a second 
preform w a s  i n s t a l l e d  i n  t h i s  d i e  and s t r e t ched .  The 
vesse l  b u r s t  a t  710 ps i .  After t h e  ves se l  w a s  removed 
from t h e  d i e ,  it w a s  learned t h a t  t h e  ves se l  had s p l i t  
lengthwise through t h e  c y l i n d r i c a l  s e c t i o n  next t o  
t h e  longi tudina l  weld and i n t o  each hemispherical end. 
The f a i l u r e  p a t t e r n  of t h e  c y l i n d r i c a l  p ressure  vesse l  
is shown a t  t h e  l e f t .  

Arde w a s  unable t o  firmly e s t a b l i s h  t h e  cause of  f a i l u r e  
i n  a preliminary failure ana lys i s .  
s e v e r a l  poss ib le  reasons: 

However, t h e r e  were 

( a )  Weakness i n  t h e  weld a f f ec t ed  zone -- N o  evidence 
could be found. 

( b )  Contamination of t h e  material -- No evidence could 
be found. 

( c )  Material  thickness not according t o  spec i f i ca t ion  -- 
Measurements at  t h e  rupture  showed 0.048 t o  0.049 
while Arde's ca l cu la t ions  ind ica ted  t h a t  thickness 
could be as low as 0.044. 

2kBendix dimension over bosses was 64.00. 
dimension cannot be compared because bosses were not 
completely machined. 

However, a c t u a l  
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PESSURE VESSEL E STOVEPIPI 
BEING RAISED FROM N2 TANK 

(d )  Error i n , d e s i g n  ca lcu la t ions  f o r  preform s i z e  and 
shape -- A complete review revealed no e r r o r s  i n  
ca lcu la t ions  or computer program. 

(e) Some unaccounted stress due t o  use of  c losed 
d i e  -- A complete review indica ted  nothing. 

4rde and Bendix reviewed a l l  of  these  f a c t o r s  without 
pos i t ive ly  iden t i fy ing  a f a i l u r e  cause. 
3ecided t h a t  a t h i r d  preform would be s t r e t ched  i n  t h e  
"stovepipe" d i e  (open ends) t o  a pressure of 660 psi. 
rh is  pressure was es tab l i shed  by reducing t h e  appl ied 
s f f e c t i v e  stress during s t r e t c h  i n  t h e  vesse l  by 5 
percent. 

It w a s  then 

The vesse l  s t r e t ched  and f a i l e d  a t  590 p s i .  The f a i l u r e  
pat tern w a s  t h e  same as f o r  t h e  preceding vesse l ,  longi- 
tud ina l ly  through t h e  length of t h e  c y l i n d r i c a l  s ec t ion  
parallel t o  t h e  weld extending i n t o  both hemispherical 
snds . 
4 similar f a i l u r e  ana lys i s  revealed no s p e c i f i c  cause 
sf f a i l u r e ,  and t h e  only conclusion made a t  t h a t  t i m e  
Mas t h a t  f a i l u r e  w a s  due t o  an undetected f l a w  i n  t h e  
vessel. 

I t  was concluded t h a t  t h e  l ike l ihood of a similar f l a w  
sx i s t ing  i n  t h e  four th  and las t  preform w a s  remete, and 
4rde and Bendix agreed t o  s t r e t c h  t h i s  preform t o  a 
?ressure  of  660 p s i  i n  t h e  "stovepipe" d i e .  
xcomplished successful ly .  

This w a s  

Following t h a t ,  t h i s  vesse l  w a s  age hardened, pol ished,  
?roof t e s t e d  t o  spec i f i ca t ion ,  machined, and del ivered 
to Bendix. The c h a r a c t e r i s t i c s  of t h i s  ves se l  are as 
Eollows : 

CHARACTERISTICS OF DELIVERED PRESSURE VESSEL 

Specified Actual 

a. Volume IN3- 58,000 57,7505's 

b. Proof PSI 440 + 10 440 - 
c. Weight LB 111.5 1229:* 

#i- Volume w a s  s l i g h t l y  small due t o  s t r e t c h  pressure 
lower than o r i g i n a l l y  planned which diminished t o t a l  
s t r e t c h i n g  of vesse l .  

Higher weight due t o  f i t t i n g s  not  completely machined. 
For i n i t i a l  p ressur iza t ion ,  Arde uses a r e l a t i v e l y  
heavy boss f i t t i n g  which would be l a rge ly  removed t o  
reach spec i f i ed  weight. 
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Following t h e  completion of  s t r e t ch ing ,  Arde engaged i n  
a comprehensive d e t a i l e d  f a i l u r e  ana lys i s .  
w a s  repor ted  i n  Arde, Inc. Report No. AMR 250 which has 
been reproduced and is included i n  Appendix 11. 

This ana lys i s  

Conclusions 

The question of how t o  obta in  material with s u f f i c i e n t  
c leanl iness  so as t o  be usable i n  t h e  Arde forming pro- 
cess has not  y e t  been completely resolved. Or ig ina l ly ,  
a i r  melted ma te r i a l  w a s  used, bu t  it proved t o  have too  
much contamination. Arde then  s p e c i f i e d  vacuum melted 
material t o  improve c leanl iness .  While t h i s  has been 
accomplished, t h e  degree of c leanl iness  obtainable,  a t  
least from t h e  supp l i e r  on t h i s  program, is indeaquate. 
Arde is present ly  eva lua t ing  d i f f e r e n t  sources for 
material and is  eva lua t ing  double vacuum melted material. 
Only time and completion of  t hese  evaluations can de ter -  
mine whether t h i s  w i l l  r e s u l t  i n  a s u i t a b l e  material. 

During t h e  t i m e  span of t h e  cont rac t  between Arde, Inc. 
and Bendix, Arde e s t ab l i shed  a good q u a l i t y  con t ro l  
organization and system f o r  material, p a r t s ,  and pro- 
cess con t ro l .  They maintain good documentation and 
v i s i b i l i t y  of t h e  mater ia l  as it is processed t o  a 
de l iverable  piece of equipment. 

Bendix be l ieves  t h a t  good dimensional accuracy and 
r e p e a t a b i l i t y  can be achieved by using t h e  Ardeform pro- 
cess and an enclosing s t r e t c h  d i e .  Unfortunately, due 
t o  l i m i t a t i o n s  i n  t h e  preforms t h a t  were ava i l ab le ,  t h i s  
could not be f u l l y  evaluated. However, t h i s  program d id  
produce much use fu l  information both as t o  t h e  fabr ica-  
t i o n  and use of enclosing s t r e t c h  d i e s .  

This program d id  demonstrate conclusively t h a t  vesse ls  
of t h e  s i z e  involved can be successfu l ly  f ab r i ca t ed ,  
handled and s t r e t ched .  Since these  vesse ls  are 
s i g n i f i c i a n t l y  l a r g e r  than Arde had previously b u i l t ,  
t h i s  i s  considered t o  be a most important achievement. 
The f ab r i ca t ion  of t h i n  w a l l  l a r g e  hemispheres, welding 
of t hese  hemispheres without unacceptable d i s t o r t i o n ,  
hea t  t r e a t i n g ,  cleaning, s t r e t c h i n g  and pol i sh ing  of 
vesse ls  of  t h i s  s i z e  are a l l  accomplishments important 
t o  t h e  government's f u t u r e  need f o r  l a r g e  pressure 
vesse ls .  
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1.2 Inconel Pressure Vessels 

1 . 2 . 1  Inturgescent Forming Process 

Inturgescent forming is  an improved version of hydraul ic  
bulge forming with a g rea t e r  depth t o  diameter ra t io  
capabi l i ty .  A l l  forming r e s u l t s  i n  tension stress i n  
t h e  blank. Relat ive movement between t h e  p a r t  and t h e  
cavi ty  sur faces  after i n i t i a l  contact  is nonexistant.  
The process is capable of very c lose  dimensional cont ro l ,  
extremely good surface f i n i s h  and la rge  diameter t o  
thickness  r a t i o s .  

1.2.2 Inconel 718 Pressure Vessels 

The pressure vesse ls  fabr ica ted  f o r  t h i s  cont rac t  w e r e  
formed using hot r o l l e d  Inconel 718 a l l o y  p l a t e ,  pur- 
chased t o  Bendix Specif icat ion ECL 201. The 39" 
diameter hemispheres were formed by inturgescent  
technique, using a 56" diameter blank. F l a t  blanks 
and t a p e r  ground blanks have been used. The 0.200" 
th i ck  f l a t  blanks severly challenge t h e  machine 
capab i l i t y  t o  maintain s u f f i c i e n t  draw r ing  pressure 
t o  accomplish a hydraul ic  seal. 
blanks reduce t h e  bulge pressure requirements. 
developed t a p e r  ground blanks w i l l  y i e l d  a w a l l  th ick-  
ness s u f f i c i e n t l y  uniform t o  preclude any pos t  chemical 
mi l l ing  requirements. 

The t a p e r  ground 
Ful ly  

In te rs tage  annealing is  performed i n  accordance with 
Bendix spec i f i ca t ion  MCI 168 which includes post  
annealing and p ick l ing  requirements. Annealing is  
accomplished i n  an a i r  atmosphere furnace with t h e  
sur face  protected f r o m  excessive oxidation by coat ing 
with a t r ade  name product c a l l e d  "Turco-Pre-treat." 
The annealing temperature, 185OoF., w a s  determined 
by evaluat ing formabil i ty  of material with a 1750, 1850 
and 195OOF anneal. 
g ra in  growth while t h e  175OOF anneal produces lower 
elongation and higher  y i e l d  s t rength .  
temperature produces t h e  optimum combination of lower 
y i e l d  and higher elongation without appreciable  grain 
growth (undesirable "orange-peel" surface condi t ion) .  
The "Turco-Pre-treat" coat ing l i m i t s  t h e  loss of gauge 
t o  approximately .001" per  anneal and t h e  oxide forma- 
t i o n  t o  an e a s i l y  removed t h i n  scale. 

The 195OOF anneal produces not icable  

The 185OOF 

1.2.2.1 

These a r e  39" diameter sphe r i ca l  pressure vesse ls  f o r  
oxygen with a minimum bur s t  s t rength  of 600 

Low Pressure Spherical  Oxygen Vessels 

p s i .  
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Two vesse ls  were f ab r i ca t ed  of Inconel 718, age hardened 
t o  an ul t imate  s t r eng th  above 180,000 psi. Hemispheres 
f o r  t hese  vesse ls  were formed f r o m  f la t  shee t  by t h e  
inturgescent  forming process.  
machined from pancake forgings of Inconel 718. 

The boss fi t t ing-to-hemisphere weld and t h e  ves se l  g i r t h  
weld were made by a hand T I G  process.  
t h e  complete ves se l  w a s  performed by Scot t  Ford, Inc. of 
Rock Is land ,  I l l i n o i s  i n  accordance with Bendix ins t ruc-  
t i o n  MCI-174. 
e x t e r i o r  of ves se l  with "Turco-Pre-treat" and purging 
t h e  i n s i d e  of t h e  vesse l  with argon. The vesse l  is then 
held f o r  8 hours a t  1325OF then furnace cooled t o  115OOF 
and held a t  t h i s  temperature f o r  a t o t a l  heat ing period 
of 18 hours ,  
test a t  450 p s i  f o r  1 5  minutes. 
a s a f e t y  f a c t o r  of 1 . 5  t i m e s  maximum operat ing pressure 
of 300 p s i .  

Boss f i t t i n g s  were 

Age hardening of 

This process involves p r e t r e a t i n g  t h e  

The vesse l  is  then subjected t o  a proof 
This is equivalent  t o  

1 .2 .2 .2  

These are 39" diameter sphe r i ca l  pressure vesse ls  f o r  
oxygen with a minimum bur s t  s t rength  of  2040 p s i .  

Two vesse ls  were f ab r i ca t ed  using Inconel 718 age 
hardened t o  an ul t imate  s t r eng th  exceeding 180,000 p s i .  
Hemispheres f o r  these  vesse ls  were formed from f l a t  
shee t  by t h e  inturgescent  forming process.  
f i t t i n g s  were machined from pancake forging of  Inconel 
718. 

High Pressure Spherical  Oxygen Vessels 

Boss 

On t h e  first vesse l  t h e  boss f i t t i n g s  were welded i n t o  
the  hemisphere by hand T I G  welding. 
jo in ing  t h e  two hemispheres was made by t h e  same pro- 
cess. This vesse l  w a s  u l t imate ly  used i n  t h e  s t r u c t u r a l  
model tank which is discussed elsewhere. 

Welding of t h e  second vesse l  was performed by Arde, Inc., 
using a semi-automatic T I G  procedure. 
under t h e  cognizance of Bendix t echn ica l  representa t ives .  

Age hardening of these  vesse ls  w a s  performed i n  t h e  
same manner as indica ted  for vesse ls  under paragraph 
1 .2 .2 .1  above. 
represent ing a s a f e t y  f a c t o r  of  1 .5  times maximum 
operat ing pressure.  The first vesse l  w a s  u l t imate ly  
used i n  t h e  s t r u c t u r a l  model tank and t h e  second vesse l  
w a s  used i n  t h e  thermal model tank. These tanks are 
discussed elsewhere. 

The g i r t h  weld 

This e f f o r t  w a s  

Proof t e s t i n g  w a s  performed a t  1530 p s i  
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1.2.3 Cyl indr ica l  Hydrogen Pressure Vessels 

These are 30" diameter by 63.5" length c y l i n d r i c a l  
pressure vesse ls  for hydrogen with a minimum b u r s t  
s t r eng th  of 600 p s i .  

Two vesse ls  were f ab r i ca t ed  of AIS1 301 stainless 
s teel  by t h e  Ardeform process.  
g r a m  are discussed elsewhere. 

Details of t h i s  pro- 
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WALLED SPHERICAL SHELLS 
AT ROOM TEMPERATURE(7O'F) 

2.0 OUTER SHELL FABRICAT I O N  

The aluminum hemispherical ou te r  s h e l l s  f o r  t h e  
monocoque and honeycomb s t r u c t u r e s  were formed by t h e  
inturgescent  process.  

2 . 1  Aluminum Monocoque Shel l s  

2 .1 .1  

These are 41.5" O.D. sphe r i ca l  monocoque s h e l l s  for  
oxygen with a buckling pressure d i f f e r e n t i a l  of  23 p s i .  

Two s h e l l s  w e r e  f ab r i ca t ed  of 6061 aluminum a l loy .  
Hemispheres f o r  these  s h e l l s  were formed from f l a t  shee t  
by t h e  inturgescent  forming process.  In  order  t o  es tab-  
l i s h  t h e  buckling pressure t h e  a t tached  curve w a s  used. 
This curve is  empir ical  and r e s u l t s  i n  a modification t o  
t h e  classic (Zoel ly)  buckling equation. By using t h e  
room temperature curve and R / t  r a t i o  of  approximately 
340 is required f o r  a buckling AP of 2 3  p s i .  
t i o n  is then:  

The equa- 

41*s'2 = .061" min. thickness .  - - 
340 

One outer  s h e l l  w a s  used on t h e  thermal model tank and 
second vesse l  w a s  used on t h e  s t r u c t u r a l  model. 

The 41.5" diameter sphe r i ca l  aluminum outer  s h e l l s  have 
been produced from warehouse material, 6061-0 aluminum, 
.090 t h i ck .  The following problems occured: 

( a )  Finished p a r t s  near  or below p r i n t  thickness  
to le rance  i n  t h e  "pole" area. 

(b) Shoulder fo lds  due t o  t o o  much material being 
drawn i n t o  t h e  cavi ty  as a r e s u l t  of attempting 
t o  solve problem ( a ) .  

To a i d  i n  so lv ing  t h e  above problems, a new draw r i n g  
and wear p l a t e  have been f ab r i ca t ed  from hea t  t r e a t e d  
aluminum (7075-T6). 
sur face  i n  mating with t h e  body steel  sandwich used i n  
t h e  d r a w  operat ion.  
draw t o  be accomplished a t  a lower bulge pressure there-  
by r e s u l t i n g  i n  less thin-out i n  t h e  pole region. 

This aluminum makes a good bearing 

The lower f r i c t i o n  forces  allow 

I 
4 
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Future material w i l l  be procurred from a m i l l  and have 
nore con t ro l  exercised on those proper t ies  which effect 
draw.  

2.1.2 Cyl indr ica l  She l l s  

These are 41.5" O.D. by 66" length c y l i n d r i c a l  mono- 
zoque s h e l l s  with hemispherical ends with a buckling 
pressure d i f f e r e n t i a l  of  2 3  p s i .  

Two s h e l l s  were f ab r i ca t ed  of 6061 aluminum a l loy .  
Semispheres were formed from flat  shee t  by t h e  in tu r -  
sescent forming process. 
iemispheres w a s  es tab l i shed  i n  a manner i d e n t i c a l  t o  
tha t  described i n  paragraph 2.1.1.  

The w a l l  th ickness  of  t h e  

The c y l i n d r i c a l  s ec t ion  w a s  formed by r o l l i n g  and 
gelding a shee t  of 6061 aluminum a l loy .  
tias performed t o  Bendix requirements by Arde, Inc.  

Fabricat ion 

d a l l  thickness  of t h e  c y l i n d r i c a l  s ec t ion  was estab-  
l ished by using t h e  c l a s s i c a l  cr i t ical  buckling 
? ressure  equation f o r  t h i n  c y l i n d r i c a l  s h e l l s  (shown 
in Appendix I).  The r e s u l t i n g  thickness  of t h e  
2yl indr ica l  s h e l l  having a buckling pressure d i f f e r -  
z n t i a l  of 23 p s i  is 0.125 inches.  
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CONLOUUD 

VACUUM BAG ASSEMBLY TECHNIQUE 

b 3 8 G I A - 6 8 - 3  

2.2 Honeycomb Hemispherical Outer She l l s  

Two (2)  hemispherical  honeycomb sandwiches were fab r i -  
cated by Bendix i n  compliance with NAS 9-5491 Contract.  
Honeycomb s t r u c t u r e s  of  t h i s  type are being considered 
f o r  t h e  ou te r  s h e l l s  of cryogenic s torage  vesse ls  i n  
an attempt t o  optimize on strength-to-weight character-  
istics. A s  t h e  s ize  of dewar-type cryogenic tankage 
becomes l a r g e r ,  buckling stresses on t h e  outer  s h e l l  
become g rea t e r .  This buckling stress r e s u l t s  f r o m  t h e  
pressure grad ien t  between ambient pressure on t h e  
outs ide  and t h e  vacuum annulus on t h e  in s ide  of  t h e  
sphe r i ca l  s h e l l .  
increasingly heavier  with a t h i c k e r  w a l l  s ec t ion  as 
t h e  vesse l  s i z e  increases ;  whereas a honeycomb sand- 
wich would have s t r eng th  proper t ies  t o  provide adequate 
buckling s a f e t y  and s t i l l  be weight optimized f o r  
considerat ion a s  f l i g h t  hardware. 

A monocoque outer  s h e l l  would become 

Buckling tests w e r e  performed on simulated test  samples 
and t h e  hemispherical  honeycomb sandwiches. 
r e s u l t s  appear t o  show some agreement. 

The test 

2 . 2 . 1  Honeycomb Fabricat ion - 

2.2.1.1 Vacuum Bag Process 

The hemispherical  honeycomb sandwich is fab r i ca t ed  by 
t h e  vacuum bag process.  
i n s ide  of t h e  bag, ex te rna l  atmospheric pressure of 
1 2  t o  1 4  p s i  w i l l  exert a compressive fo rce  on t h e  
honeycomb sandwich elements. 
comb assembly is placed i n  an oven a t  t h e  prescr ibed 
temperature and f o r  t h e  t i m e  required t o  cure t h e  
adhesive which bonds t h e  f lexcore  t o  t h e  facings.  
A vacuum gauge is advisable  t o  monitor vacuum pressure ,  
and a thermocouple should be in se r t ed  ins ide  t h e  vacuum 
bag f o r  temperature readout on t h e  honeycomb sandwich. 
T i m e  and temperature observations are important because 
the re  is  a critical t i m e  per iod f o r  t h e  adhesive f i l m  
t o  reach i ts  bonding temperature. 

A s  vacuum is appl ied t o  t h e  

The vacuum bagged honey- 

Prior t o  cur ing t h e  adhesive f i l m ,  t h e  sandwich 
elements ( inner  facing,  ou te r  facing and f lexcore)  are 
i n  a very f l e x i b l e  or non-rigid state. 
a support member or back-up p l a t e  is necessary t o  pre- 
vent d i s t o r t i o n  of  t h e  honeycomb sandwich during t h e  
vacuum bag operat ion.  
preventing warpage is by using a support r i ng .  This 
r i n g  is located on t h e  i n s i d e  diameter of t h e  inner  
s h e l l  and f lange  facing.  

For t h i s  reason, 

One very successfu l  way of 
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The complete honeycomb sandwich can be f ab r i ca t ed  i n  one 
operat ion,  or t h e  f lexcore can be assembled t o  the  inner  
facing and then the  outer  facing added as a separa te  
"vacuum bag" procedure. 
more prec ise  ind iv idua l  treatment of t he  inner  and outer  
facings due t o  t h e  lay-up techniques involved when 
applying t h e  adhesive f i l m .  
used i n  t h e  honeycomb sandwich f ab r i ca t ion ,  t h e  
support r i n g  is needed f o r  both vacuum-bag operat ions 
because r i g i d i t y  of  t he  honeycomb s t r u c t u r e  is not  
achieved u n t i l  t h e  sandwich is completely bonded t o  the  
inner  and ou te r  facings.  

Materials and suppl ie rs  used i n  the  making of  a vacuum 
bag are l i s t e d  below. 

2 - m i l  nylon f i l m  

Fiberglass  c lo th  

Bag sea l ing  compound Schnee-Morehead Chemicals, Inc.  

The honeycomb sandwich components a re  mounted t o  the  
support r i n g  and a l aye r  of f i b e r g l a s s  c lo th  is wrapped 
around t h i s  lay-up. Fiberglass  c lo th  serves  t h e  func- 
t i o n  of  a "wick" t o  assure  sensing of the  vacuum pres- 
sure  a t  a l l  p a r t s  of assembly. This ma te r i a l  is con- 
s idered  a reusable  item f o r  subsequent vacuum bag 
operat ions because t h e  adhesive curing temperature of 
250°F is less than the  1000°F temperature maximum of  
the  g l a s s  c loth.  The 2 - m i l  nylon f i l m  serves  as t h e  
"vacuum bag" and has  proven t o  be i d e a l l y  s u i t e d  f o r  
t h i s  purpose s ince  it can withstand vacuum-bagging 
temperatures i n  excess of 350OF.  considered reusable  because t h e  nylon hardens a t  t h e  
25OOF use temperature and a puncture may occur where- 
ever t h e  mater ia l  is creased or folded. 

A l eak- t igh t  bag i s  formed with the  nylon f i l m  by means 
of "bag sea l ing  compound". 
pu t ty- l ike  material which s e a l s  onto the  nylon f i l m  with 
no leakage. The vacuum f i t t i n g  is assembled t o  t h e  nylon 
bag a l s o  by use of  t he  bag sea l ing  compound. 
a v e r s a t i l e  approach t o  t h i s  method of honeycomb sandwich 
f ab r i ca t ion  because it is  i d e a l l y  su i t ed  t o  experimental 
and prototype work where f i n a l  s i z e s  and shapes a re  not  
d e f i n i t e l y  determined. 

The la t ter  method allows f o r  a 

If the  two-stage method is 

Richmond Paper Company 

Owens Corning Fiberglass  Co. 

This ma te r i a l  is not 

This i s  a highly tenacious 

This is 

I".".'*' Hemispheric Fabricat ion 

The honeycomb sandwiches consis ted of t h e  following 
components. 
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HEMISPHERICAL HONEYCOMB SANDWICH 

A-5001-68- 

FLEX - CORE SPLICED AND ASS€MBLED 
TO HEMISPHERICAL FACING 

( a )  Outer fac ing  - aluminum hemisphere, 6061 a l l o y ,  
0.022 inch material th ickness .  

(b )  Inner fac ing  - aluminum hemisphere, 6061 a l l o y ,  
0.022 inch material thickness.  

( c )  Core material - Flexcore (Hexcel Co.) , 5052 
aluminum a l l o y ,  0.00 19 inch ribbon th ickness ,  
0.200 inch core th ickness ,  40 cells pe r  f o o t .  

The above components were cemented toge the r  using epoxy 
f i l m ,  3 M  AF-111, between t h e  facings and t h e  core. 
Bonding pressure  w a s  obtained by t h e  vacuum bag process. 
The curing cyc le  was f o r  one (1) hour a t  25OOF while 
maintaining approximately 1 4  p s i  vacuum bag pressure.  

Flexcore w a s  chosen as t h e  core material f o r  t h i s  p ro jec t  
because of Its a b i l i t y  t o  conform t o  a non-planar shape. 
Ins tead  of a hexagonal ce l l  geometry, as is  t h e  case with 
conventional honeycomb, f l excore  is comprised of a w a v y  
ce l l  s t r u c t u r e .  Thus, f lexcore  w a s  r ead i ly  formed t o  a 
hemispherical shape without causing t h e  cells  t o  co l lapse  
due t o  ove r s t r e s s .  
was used t o  j o i n  t h e  f lexcore  toge ther .  

A s p l i c i n g  epoxy (She l l  Epon 924)  

The hemispherical facings used i n  t h i s  program were 
formed by t h e  "Inturgescent Process" a t  t h e  Bendix 
f a c i l i t y  i n  Santa Ana, Cal i forn ia .  After t h e  forming 
operation, t hese  aluminum hemispherical s h e l l s  were - 
trimmed t o  t h e  requi red  r a d i a l  height and flanged, 
Exact dimensional checks of  t h e  fac ing  diameters with 
respec t  t o  t h e  core  thickness were made t o  assure a 
proper f i t -up  of  t h e  f i n a l  sandwich. If t h e  f l excore  
f i ts  t o o  loose ly  between t h e  fac ings ,  t h i s  lack  of 
in t imate  contact w i l l  not permit t h e  epoxy adhesive f i l m  
t o  "wet"  properly and t h e  o v e r a l l  sandwich s t r eng th  
would be impaired. Conversely, i f  t h e  dimensional 
build-up causes a t i g h t  f i t  of  t h e  sandwich components; 
t he  ou te r  f ac ing  w i l l  become d i f f i c u l t  or impossible t o  
assemble. To he lp  assure  a minimum to le rance  build-up 
and maintain an optimum f i t - u p  and bond of t h e  o v e r a l l  
honeycomb sandwich, t h e  f lexcore  material is held t o  a 
f 0.005 inch core th ickness .  The epoxy adhesive f i l m  
Fhickness must a l s o  be taken i n t o  account when calcu- 
l a t i n g  t h e  f i t - u p  of  t hese  components. For example, 
3 M  AF-111 f i l m  is .015 inch t i c k .  A honeycomb ou te r  
s h e l l  with an aluminum o u t e r  f ac ing  is most sucess- 
f u l l y  constructed i n  two s t ages  - ( inne r  fac ing  cured 
t o  t h e  f lexcore ,  ou te r  fac ing  cured t o  t h i s  subassembly) 
During t h e  inne r  facing-to-flexcore subassembly, t h e  
epoxy f i l m  l ' m e l t s "  down t o  create a honeycomb-to-facing 
contac t .  I n  t h i s  manner, t h e  only dimensional bu i ld  up 
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f o r  epoxy f i l m  is i n  conjunction with t h e  o u t e r  facing 
a t  t h e  t i m e  o f  f i n a l  honeycomb sandwich assembly. 

A cautious procedure of  material handling must be 
inaugurated f o r  t h e  f r a g i l e  aluminum fac ings  as w e l l  as 
for t h e  f l excore  honeycomb. When t h e  facings and f lex-  
core are i n  t r a n s i t ,  adequate packaging must be provided 
t o  prevent denting and when t h e  epoxy and honeycomb are 
being appl ied ,  care should be taken not t o  deform t h e  
facings.  
about 0,0019 inch thickness r equ i r ing  c a r e f u l  handling. 
Furthermore, care should be exerc ised  when cleaning t h e  
facings t o  prevent "rack marks" as a r e s u l t  of t h e  hold- 
i ng  f i x t u r e .  Large hemispherical fac ings  must be i m -  
mersed i n t o  t h e  cleaning tanks with care t o  avoid buck- 
l i n g  or denting t h e  d e l i c a t e  aluminum fac ings .  

The f lexcore  ribbon is a d e l i c a t e  ar t ic le  

It is necessary t o  s t o r e  t h e  epoxy adhesive f i l m  a t  
approximately O°F t o  prevent degradation of t h e  adhesive 
p rope r t i e s  and insure  a longer s h e l f  l i f e .  
removal fpom O°F s torage ,  s torage  l i f e  should not exceed 
one week and t h e  temperature should not exceed 80OF. 
If these  precautionary s t eps  are not taken, degradation 
of t h e  adhesive may w e l l  r e s u l t  i n  subsequent lowering 
of t h e  o v e r a l l  s t r eng th  p rope r t i e s  of t h e  honeycomb 
sandwich. 
should be pre-cut i n t o  s p h e r i c a l  t r i a n g l e  sec t ions .  
These sec t ions  are numbered i n  sequence so they  w i l l  
fit t h e i r  proper places a t  t h e  t i m e  o f  assembly. A 
cen ter  piece of t h e  adhesive f i l m  is  then c u t  t o  s i z e  
and placed a t  t h e  upper junc t ion  of t hese  sec t ions .  

Upon 

To accomplish t h e  layup, t h e  adhesive f i l m  

Excess g r i t  and o i l  are removed from t h e  fac ings  by 
wiping with a c lo th  soaked i n  t r ich loroe the lene .  
Chemical cleaning cons i s t s  of a quick (approximately 
one-half minute) immersion i n  hot  c a u s t i c  followed by 
a n i t r i c  a c i d  d ip  l a s t i n g  40 t o  60 minutes. 
chemical treatments are in te rspersed  with water r i n s e s  
and t h e  fac ings  are blown dry with c lean  dry a i r  or 
ni t rogen  and/or d r i ed  i n  an oven a t  12OOF f o r  20 
minutes. The facings must be checked f o r  "water break" 
after f i n a l  r i n s e  t o  check c l ean l ines s .  If t h e  water 
f i l m  p u l l s  away leaving dry zones, contamination e x i s t s  
on t h e  aluminum surface and t h e  cleaning operation 
should be repeated. A s  soon as poss ib le  after t h e  
chemical cleaning procedure, t h e  facings are "primed" 
with a so lu t ion  such as 3M PD-3901 and allowed t o  air  
dry i n  a contaminent-free atmosphere f o r  one hour. 
The advantages of  priming are t o  preserve t h e  cleaned 
aluminum fac ing  free from f u r t h e r  oxidizing for a period 
of  one week, and permit easier "tacking" of t h e  epoxy 
adhesive f i l m .  

These 
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The process of  "tacking" is  a ided  by a hot a i r  blower 
gun 
cont r ibu te  t o  a dimensional build-up problem and make 
it d i f f i c u l t  t o  assemble t h e  o u t e r  aluminum facing. 
Trimming of  f l excore  honeycomb is  a procedure which 
must be  s k i l l f u l l y  con t ro l l ed  t o  prevent mut i la t ion  of  
t h e  d e l i c a t e  ribbon. Each ind iv idua l  cel l  can be 
cu t  with a p a i r  of s c i s s o r s ;  or with acquired s k i l l  t h e  
f lexcore  can be trimmed more r ap id ly  with a s p e c i a l  
honeycomb c u t t i n g  s e r r a t e d  kn i f e .  
assembly of honeycomb sandwich components must be con- 
ducted i n  an atmospheric environment f r e e  from o i l  and 
excess dus t  and humidity. 
be avoided during subassembly t o  prevent r ap id  aging of 
t h e  epoxy adhesive f i l m .  

Excessive overlap of t h e  epoxy adhesive may 

Processing and 

Temperature above 80°F should 

The completed hemispherical honeycomb s h e l l s  were 26-3/8 
inches i n  diameter and weighed 6 pounds 6 ounces each. 

2 .2 .2  Honeycomb Testing 

2 .2 .2 .1  Preliminary Testing 

Considerable background work w a s  performed i n  evalu- 
a t i n g  sample honeycomb panels f o r  s t rength  and adhesion. 
T-peel t e s t i n g  w a s  used t o  e s t a b l i s h  techniques f o r  
obtaining h ighes t  bond s t r eng ths .  
f o r  T-peel using various f ab r i ca t ion  methods f o r  t h e  
honeycomb sandwiches a r e  shown i n  Table I.  Optimum 
f a b r i c a t i o n  techniques learned from these  da ta  were 
applied t o  t h e  hemispherical honeycomb sandwiches. 

The r e s u l t i n g  values 

There are o the r  methods of t e s t i n g  f o r  honeycomb sand- 
wich bond i n t e g r i t y .  
and "infrared" techniques. When a prec is ion  honeycomb 
sandwich is manufactured for such appl ica t ions  as ou te r  
s h e l l s  of dewar ves se l s  used i n  aerospace missions, 
p o s i t i v e  assurance of no de fec t s  i n  t h e  sandwich bonding 
is required.  Such defects as i n t e r m i t t e n t  "wetting" of 
t h e  core t o  t h e  facings would r e s u l t  i n  a de te r io ra t ion  
of o v e r a l l  s t r eng th  p rope r t i e s .  This could r e s u l t  i n  a 
buckling f a i l u r e .  
techniques, r i g i d  con t ro l  standards and highly r e l i a b l e  
nondestructive t e s t i n g  sequences, it is f e l t  t h a t  q u a l i t y  
ou te r  s h e l l s  can be successfu l ly  fabr ica ted .  This non- 
des t ruc t ive  test procedure would e n t a i l  100% inspection 
of  each completed hemispherical and c y l i n d r i c a l  sandwich. 
One method of t e s t i n g  is with u l t r a son ic s .  The honey- 
comb specimen is immersed i n  water when performing t h e  
u l t r a son ic  scanning operation. 
is then made on s p e c i a l  paper t o  show t h e  f a u l t y  honey- 
comb bonding. 

These include t h e  "ultrasonic" 

By combining proven manufacturing 

An u l t r a son ic  t r a c i n g  

The i n f r a r e d  technique of  non des t ruc t ive  
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honeycomb sandwich t e s t i n g  is based on hea t  pene t ra t ion ,  
and i s  a func t ion  of  t h e  core-to-facing bond q u a l i t y .  
This "thermal map" is usua l ly  observed on a p i c t u r e  tube.  
An attachment i s  a l s o  ava i l ab le  t o  record non des t ruc t ive  
honeycomb sandwich tes t  r e s u l t s  on a s p e c i a l  paper. 

2.2.2.2 Spherical Segment Testing 

Numerous simulated buckling tests were performed on 
sphe r i ca l  honeycomb segments versus sphe r i ca l  monocoque 
segments. This w a s  believed t o  be a means of p red ic t ing  
buckling pressures  for hemispherical honeycomb sandwiches. 
A honeycomb sandwich sphe r i ca l  segment is shown (margin) 
i n  t h e  process of t e s t i n g .  A one inch diameter metal 
rod,with a 1-1/8 inch diameter by 1/8 inch t h i c k  hard 
rubber bumper cemented t o  t h e  end, w a s  used as t h e  
impinging t o o l .  The base f i x t u r e  w a s  5 inches i n  
diameter with t h e  outs ide  edge rounded t o  prevent sharp 
contact with t h e  tes t  specimen. 
specimens w e r e  from a hemisphere having a diameter of 
13-5/8 inches. 

The pieces used as tes t  

The honeycomb sandwich sphe r i ca l  segment w a s  placed on 
t h e  t es t  f i x t u r e  and s u f f i c i e n t  force  applied t o  t h e  
metal rod t o  cause a s l i g h t  indenta t ion  i n  t h e  honeycomb. 
This operation was r e a d i l y  conducted on a Riehle uni- 
v e r s a l  t e s t i n g  machine. 
0.025 inch with about one inch diameter was achieved 
with a fo rce  of 150 pounds. 
t e s t i n g  was performed on a Toledo scale by pushing t h e  
metal plunger rod by hand. 
achieved with a fo rce  of 13-1/2 t o  14  pounds. 
t h e  fo rce  r a t i o  t o  obta in  similar indentations w a s  about 
11:l. This da t a  w a s  v e r i f i e d  by r e p e t i t i v e  t e s t i n g .  In 
another test ,  t h e  honeycomb segment w a s  indented with a 
fo rce  of 240 pounds t o  a diameter of 1-7/8 inches and 
depth of 0.138 inch. 
monocoque segment requi red  a fo rce  of 25 pounds r e s u l t -  
i ng  i n  a fo rce  r a t i o  of about 9.6:l. It is  believed 
t h a t  t h e  former d a t a  is more realist ic,  because a s l i g h t  
dimpling or discont inui ty  as described i n  t h e  first 
ins tance  would be s u f f i c i e n t  f o r  buckling of a monocoque 
sphere. 

An indenta t ion  of 0.020 t o  

For t h e  monolithic segment, 

A similar indenta t ion  w a s  
Therefore, 

A similar indentation on t h e  

Materials for t h e  honeycomb sandwich segment described 
above were 6061 aluminum sphe r i ca l  segments 0.017 inch 
t h i c k  f o r  t h e  fac ings  and f lexcore  honeycomb 5052 
aluminum with a 0.200 inch core thickness by 0.0019 
inch ribbon th ickness .  
f ab r i ca t ed  by t h e  vacuum bag process using 3M AF-111 
adhesive f i l m  t o  bond t h e  fac ings  t o  t h e  f lexcore  at  
25OOF f o r  60 minutes. 

The honeycomb sandwich w a s  

The monocoque test  specimen 
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HONEYCOMB HEMISPHERE WITH SUPPORT RING # I  

A-5001.68 

comprised one of t h e  f ac ing  segments used i n  t h e  
honeycomb sandwich. 

2.2.2.3 - Hemispherical Buckling T e s t s  

After t h e  honeycomb hemispheres w e r e  f ab r i ca t ed ,  they 
were subjec ted  t o  f u l l  vacuum t e s t i n g  f o r  buckling 
c h a r a c t e r i s t i c s .  The sandwiches were subjec ted  t o  a 
vacuum pressure of 1 4  p s i  minimum f o r  a period of  30 
minutes a t  room temperature. 
of t h e  hemispheres t o  buckle during t h i s  vacuum test. 

There w a s  no tendency 

To obta in  higher buckling p r e s s u r e s t h e  two hemi- 
sphe r i ca l  honeycomb sandwich s h e l l s  were t e s t e d  on t h e  
Bendix in turgescent  forming machine a t  Santa Ana, 
Cal i forn ia .  These were des t ruc t ive  tests conducted 
with hydraulic pressure i n  order  t o  determine buckling 
c h a r a c t e r i s t i c s .  The schematic a t  l e f t  and t h e  
following desc r ip t ion  explain t h e  test  method used. 

Honeycomb hemisphere (1) is  assembled t o  support r i n g  
(2) .  
used between these  p a r t s  t o  prevent leakage during 
t h e  buckling tes t .  
l i n e  ( 7 )  i n t o  cav i ty  (8).  The honeycomb hemisphere 
and support r i n g  are then placed on r i n g  ( 3 )  and 
sea led  with another rubber gasket and vacuum grease.  
Hydraulic clamps (6 )  are posit ioned around t h e  periph- 
ery of t h e  in turgescent  forming machine and hydraul ic  
pressure is appl ied  t o  firmly seal upper cav i ty  ( 5 ) ,  
r i n g  ( 3 )  and base (4 ) .  A t  t h i s  t i m e  t h e  hydraulic 
f l u i d  i n  cav i ty  ( 8 )  is pumped out through l i n e  (7) ,  
leaving a p a r t i a l  vacuum under t h e  honeycomb hemisphere 
and causing t h e  gasket seals t o  be f i r m  and leak t i g h t .  
Without t h i s  "water vacuum", t h e  honeycomb hemisphere 
would f l o a t  when hydraul ic  f l u i d  is appl ied  i n  chamber 
(14). Hydraulic f l u i d  is then pumped through l i n e  (9 )  
and i n t o  chamber (10)  while valve (11) is  open. Valve 
(11) is closed when chamber (10) is f i l l e d .  Gage (12) 
r e g i s t e r s  increas ing  pressure  and is  equipped with a 
s t o p  hand t o  ind ica t e  maximum pressure .  

A rubber s e a l i n g  gasket and vacuum grease are 

Hydraulic f l u i d  is pumped through 

Since buckling pressures  w e r e  only 14-1/2 p s i  f o r  t h i s  
tes t ,  t h e r e  w a s  no giving way of t h e  support r i ng .  
N o  premature f a i l u r e s  were experienced when t e s t i n g  with 
higher pressures on t h e  in turgescent  equipment a t  Bendix, 
Santa Ana. 

Hemisphere #1 buckled a t  53 p s i  d i f f e r e n t i a l  pressure.  
A set-up showing hemisphere #1 mounted t o  its support 
r i n g  is shown i n  t h e  margin. An aluminum hoop served 
as an inner  support with a copper tubing spacer between 
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HONEYCOMB HEMISPHERE WITH SUPPORT RING #2 
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, HEMISPHERICAL HONEYCOMB SANDWICHES 
(REWORKED AFTER INITIAL BUCKLING TEST) 

A-5001.68.: 

the hoop and t h e  honeycomb hemisphere. 
tubing w a s  curved t o  the  prescr ibed hemisphere in s ide  
diameter, bu t ted  toge ther  and t i g h t l y  wedged i n  place.  
The hemisphere sandwich with t h i s  inner  support w a s  
placed on t h e  base p l a t e  and sea led  with a rubber 
gasket. 
comb hemisphere buckled prematurely a t  i ts  base because 
the inner  support r i n g  gave way. 
tubing spacer became separated a t  the  b u t t  j o i n t ,  
causing f a i l u r e  of t h e  honeycomb sandwich a t  t h a t  
posi t ion.  

This copper 

A t  a hydraul ic  pressure of 53 p s i ,  t he  honey- 

That is, t h e  copper 

In  order  t o  cor rec t  t h e  inadequate support r i n g  design 
described above, a modification w a s  made f o r  t h e  
t e s t i n g  of hemisphere #2. This is i l l u s t r a t e d  i n  the  
margin. 
the ins ide  honeycomb hemisphere diameter replaced t h e  
hoop and copper tubing. 
pressure was appl ied t o  t h e  outs ide  of hemisphere #2, 
buckling again occurred a t  t h e  base of t he  hemisphere. 
This second test showed a buckling pressure of 83 p s i .  
The honeycomb sandwich f a i l e d  by moving outward i n  
the  form of a "J" a s  depicted.  

A s o l i d  support r i n g  machined t o  snugly f i t  

When hydraul ic  buckling 

Since both of t h e  above buckling f a i l u r e s  occurred 
a t  t h e  base of  t he  hemisphere, t h e  support r i n g  was 
f u r t h e r  modified i n  an e f f o r t  t o  cause buckling on 
the  dome port ion.  
r i ng  shown i n  t h e  margin w a s  designed t o  permit the  
hemisphere t o  f i t  i n t o  a groove. 
pressure is appl ied,  t h e  base is f i rmly held t o  prevent 
both inward and outward movement. 
f o r e ,  occur on t h e  dome por t ion .  
r i ng  el iminates  l o c a l  d i scon t inu i t i e s  a t  the  hemisphere 
base and l i kens  t h e  t e s t i n g  t o  t h a t  of a complete sphere. 
Put ty ,  t o  serve as a sea l ing  gasket,  w a s  placed i n  the  
support r i n g  grooves t o  prevent leakage during t h e  
appl ica t ion  of  hydraul ic  buckling pressure.  

The new type constraining support 

When buckling 

Buckling must, there-  
This type support 

I n  order  t o  conduct t e s t i n g  with the  new support r i n g ,  
t he  hemispheres a l ready buckled, were machined t o  
remove t h e  deformed sec t ions .  The he ights  of t he  
r e s u l t i n g  hemispheres a re  shown at  t h e  l e f t .  

Hemisphere #1 w a s  shortened t o  a height of 9-1/2 inches. 
For t h e  buckling t e s t ,  t h i s  sandwich w a s  placed i n  the  
inner  support r i n g  groove and buckling occurred a t  55 p s i  
d i f f e r e n t i a l  pressure i n  t h e  dome por t ion  of t h e  
hemisphere. 
13-1/2 inches.  

The cave-in amounted t o  a dent diameter of 
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Hemisphere #2 w a s  shortened t o  a height of 12-3/4 inches 
t o  remove deformities caused during t h e  i n i t i a l  buckling 
test described above. 
t h e  sandwich w a s  placed i n  t h e  ou te r  support r i n g  groove. 
Buckling occurred a t  73 p s i  d i f f e r e n t i a l  pressure.  
cave-in amounted t o  a dent diameter of 1 2  inches and w a s  
loca ted  i n  t h e  dome sec t ion  of  t h e  hemisphere. 

For t h i s  second buckling tes t ,  

The 

I 2.2.2.4 Conclusions 

Hemisphere #1, when mounted t o  t h e  support r i n g ,  
buckled a t  approximately t h e  same pressure during both 
t e s t s .  The t e s t i n g  of hemisphere #2 showed t h a t  it 
buckled a t  a LO p s i  lower pressure during t h e  second 
test .  It w a s  an t i c ipa t ed  t h a t  t h e  buckling pressure 
would be higher when using t h e  constraining support 
r ing .  Weakening or delamination of t h e  honeycomb sand- 
which due t o  pressures  applied may have occured during 
t h e  first tests. 
dent appeared normal, and no evidence of f l a w s  ex i s t ed  
i n  t h i s  v i c i n i t y .  It is  concluded t h a t  t h e  hemispherical 
honeycomb sandwiches were nea r ly  a t  t h e i r  buckling pres- 
su res  when they f a i l e d  a t  t h e i r  base during t h e  first 
tests. 

Both hemispheres were s l i g h t l y  damaged a t  t h e i r  poles 
during t h e  first buckling tests. 
a pipe f i t t i n g  pro jec t ing  from gage (12) t o  t h e  in s ide  
of upper cav i ty  (5 ) .  
and hydraul ic  pressure re leased ,  t he  honeycomb hemisphere 
f l o a t e d  upward c rea t ing  approximately a one inch diameter 
by 1 /4  inch deep dent,  
smoothed out before t h e  second series of tests were 
conducted. However, t h e  o r i g i n a l  scars st i l l  ex i s t ed .  
When t h e  second buckling tests were run n e i t h e r  hemis- 
phere dented i n  t h e  v i c i n i t y  of these  scars. 
cates t h a t  a honeycomb sandwich is not near ly  as dent 
s e n s i t i v e  as a monocoque s t ruc tu re .  

If t h e  monocoque sphe r i ca l  segment is considered a 
por t ion  of a complete sphe r i ca l  ves se l ,  the  buckling 
pressure €or t h i s  vessel would be approximately 
14.25 ps i .  The fact, t h a t  an apparent s i m i l a r i t y  e x i s t s  
between t h e  force  applied t o  indent t h e  monocoque 
sphe r i ca l  segment and t h e  buckling pressure of a spher i -  
cal vessel, is noteworthy. If it is  assumed t h a t  t h e  
r a t i o  of fo rces  required f o r  indenting a honeycomb and 
a monocoque s t r u c t u r e  is  t h e  same as t h e i r  buckling 
r a t i o s ,  then the buckling pressure  f o r  a sphe r i ca l  
honeycomb sandwich 13-5/8 inches diameter would be 157 
ps i .  
hemisphere of 6061 aluminum 0.022 inch th i ck  is approxi- 

This w a s  not l i k e l y  because t h e  buckle 

This w a s  caused by 

A s  t h e  buckling test w a s  concluded 

These dents were ca re fu l ly  

This i nd i -  

The buckling pressure  of a 26" diameter monocoque 
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mately 6.2 p s i .  
versus monocoque , a honeycomb buckling pressure of 
68.2 p s i  is predicted.  
for t h e  hemispheres f ab r i ca t ed  w a s  68 p s i ,  it appears 
t h a t  t h i s  may be a va l id  approach for  pred ic t ing  t h e  
buckling pressure f o r  honeycomb s t ruc tu res .  

With a fo rce  r a t i o  of  11:l for  honeycomb 

Since t h e  average buckling value 

The weight of a hemispherical honeycorrb s h e l l ,  26-3/8 
inches i n  diameter with an  approximate buckling pressure 
of 68 p s i ,  is 6.4 pounds. 
monocoque s h e l l  having similar c h a r a c t e r i s t i c s  is  
7 .1  pounds. It is ,  therefore ,  evident t h a t  honeycomb 
outer  s h e l l s  with diameters g rea t e r  than 26 inches 
weigh considerably less than comparable monocoque outer  
s h e l l s .  

The weight of an aluminum 
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TABLE I 

HONEYCOMB BONDING EVALUATION 

CLEANING 
PROCEDURES 

A.  
B. 

C .  

D. 

E.  

1. 
2.  
3. 

a. 
b. 
f .  

A 
B 
B 
D 
C 
C 
E 
F 
G 
B 
G 
B 
G 
B 
H 
I 

5052 Aluminum Flex-Core .0019" Ribbon Thickness x ,200'' 
Core Thickness Used as Noted. 
Vacuun; Bag Process. 
Wide x 4-1/2" Long x .008" Thick. Minimum Industry 
Standard is  14  l b s / i n  T-Peel. 

Bonding Accomplished by 
Facings are 6061 Aluminum 1-3/8" 

CURE TEMP. CURE TIME 
ADHESIVE (OF) (Min) 

1 
1 
2 
2 
2 
3 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

250 ( a )  
250 (a) 
250 (b)  
250 (b)  
250 (b )  
250 (b )  
250 (b )  
250 (b )  
250 (b) 
250 ( b )  
250 (b )  
250 (b) 
250 (b )  
250 (b )  
250 (b )  
250 (b)  

T-PEEL TEST 
( Ibs / i n  1 

10.2 ( f )  
11.3 (f) 
10.2 ( f )  
11.7 ( f )  
14.2 ( f )  
15.3 ( f )  

4.7 (hc) 
5 . 1  (hc) 

16.8 (hc) 
13.6 (hc)  
15.3 ( f )  
13.8 (f) 
13 .1  (f) 
13.1 ( f )  
11.3 Chc) 

> 26.0 (hc) 

Vapor degrease only 
Vapor degrease, hot c a u s t i c  
e t ch  5 min., mur i a t i c  ac id  
5 min. , n i t r i c  ac id  3 min. 
Vapor decrease, s u l f u r i c  H.  Vapor decrease, hot c a u s t i c  1 / 2  min., 
and dichromate @ 15OOF f o r  n i t r i c  ac id  40 min, 
20 min. I .  Vapro degrease, n i t r i c  ac id  40 min. 
Vapor degrease , n i t r i c  a c i d  
3 min. 
Vapor degrease, ho t  c a u s t i c  
5 min., n i t r i c  ac id  1 0  min. 

F. Vapor degrease, hot c a u s t i c  5 min,,  n i t r i c  
a c i d  1 0  min., Oakite 34 10 m i n . ,  n i t r i c  
ac id  1 min. 
Vapor degrease, n i t r i c  ac id  10 min. G. 

3M AF-111, one s i d e  primed w/3M 3901, o ther  s i d e  unprimed. 
3M AF-111, both s i d e s  primed w/3M 3901. 
3M AF-111, unprimed. 

Took 40 minutes t o  reach temperature. 
Took 30 minutes t o  reach temperature. 
Facing cemented t o  fac ing  (no honeycomb used). 

hc. Honeycomb used i n  conventional manner between facings.  
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top pole  of t he  pressure ves se l  and runs t o  t h e  top 
underside of t h e  inner  sh ie ld .  I t  then winds i ts  way 
down the  in s ide  sur face  of the  sh i e ld  t o  the  bottom 
and e x i t s  from t h e  outer  s h e l l  t h ru  a t r a n s i t i o n  
j o i n t  located a t  t h e  bottom of t h e  tank. 

Eleven metal sheathed electrical leads from the  
instrumentation package ex i t  through t h e  top pres- 
sure  ves se l  c losure f i t t i n g  and eleven leads e x i t  

i 

SECTION C 

PHASE I11 - PROTOTYPE THERMAL MODEL FABRICATION 

1.0 INTRODUCTION 

This s ec t ion  discusses  the  major t asks  required t o  fab- 
ricate the  thermal model on t h i s  program. The develop- 
ment of f ab r i ca t ion  techniques, processes and so lu t ions  
during the  f ab r i ca t ion  e f f o r t  are a l s o  discussed 
herein.  

2.0 SYSTEM DESCRIPTION 

The dewar is a 41.5 inch sphe r i ca l  diameter double- 
walled container  with a pure vacuum annulus between 
the  Inconel 718 39 inch diameter pressure ves se l  and 
the  aluminum outer  s h e l l .  Two t h i n  aluminum radia-  
t i o n  sh ie lds  a r e  suspended between the  pressure ves se l  
and outer  s h e l l .  The inner  sh i e ld  contains a vapor 
cooling co i l .  
surfaces  i n  the  vacuum annulus a r e  p la ted  with low 
emissivi ty  metallic coatings.  The r a d i a l  bumper sus- 
pension technique is used t o  support t he  pressure 
ves se l  within the  outer  s h e l l .  Eight equal ly  spaced 
bumpers of Kel-F mater ia l  are employed on the  bottom 
and e igh t  on the  top of t h e  pressure ves se l  t o  pro- 
vide adequate load carrying capacity and low thermal 
conductivity cha rac t e r i s t i c s .  

To minimize r ad ian t  hea t  t r a n s f e r  a l l  
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through t h e  bottom closure f i t t ing .  
formed i n t o  a .312 inch diameter bundle and are routed 
through t h e  vacuum annulus i n  t h e  same manner as t h e  
f l u i d  tubing. A s t a i n l e s s  s tee l  t o  aluminum t r ans i -  
t i o n  f i t t i n g  is used t o  e x i t  through the  outer  s h e l l .  

The leads are 

The pressure ves se l  instrumentation package is sup- 
ported within a 1.750 inch diameter t h i n  w a l l  s t a in -  
less s teel  tube.  
cen ter  of t h e  tank and extends from top  t o  bottom of 
t h e  tank. 
t h e  loca t ion  of components i n  t h e  assembly. The 
assembly includes two motor fans  located a t  opposite 
ends of t he  tank f o r  d e s t r a t i f i c a t i o n  of t h e  cryogen. 
Six Calrod type electrical hea ters ,  t h ree  on each end, 
are s i l v e r  brazed t o  t h e  outer  surface of the  sup- 
po r t  tube i n  the  form of a t r i p l e  he l ix .  
couples are at tached t o  t h e  support tube a t  t h e  

This assembly is located i n  the  

The dewar assembly drawing 1620553-1 shows 

Two thermo- 

upper end f o r  monitoring dewar temperature. 

A capacitance type dens i ty  measurement probe is  located 
in s ide  the  support tube and extends from a poin t  ap- 
proximately 4.5 inches above t h e  tank bottom t o  a 
height s u f f i c i e n t  t o  measure 97.8% f i l l .  Two thermo- 
stats (cut-off switches) are provided a t  t h e  bottom 
end of t he  instrumentation assembly between the  motor 
fan  and the  capacitance probe t o  prevent overheating 
of t h e  dewar by de-energizing t h e  e l e c t r i c a l  hea te rs .  

The ex te rna l  hardware, shown i n  schematic drawing 
1621192 cons is t s  of t h ree  manual valves f o r  t h e  vapor 
cooling, f i l l  and vent l i n e .  Two pressure switches 
sense system pressure i n  the  vent l i n e  and serve t o  
cont ro l  hea te r  and motor f a n  operation. Each pres- 
su re  switch cont ro ls  t h ree  hea ters  and can operate 
independently or simultaneously. A pressure gauge, 
with a range of 0-3000 p s i ,  i s  provided t o  ind ica te  
system operating pressure.  The Bendix FR-131 relief 
valve is plumbed i n t o  t h e  vent l i n e  and is capable of 
r e l i ev ing  excess system pressure.  

The cryogen heat  input is control led from t h e  cont ro l  
panel.  
energized ind iv idua l ly  or i n  any combination from t h e  
cont ro l  panel. 
electrical d e t a i l s  of t h e  system. 

Heaters and d e s t r i t i f i c a t i o n  fans  can be 

Bendix drawing 1620899 provides 

Dewar  operating pressure is  maintained automatically 
by pressure sens i t i ve  switches which apply vol tage t o  
the  heater  and f a n  r a l ays  (K through K8) whenever 
system pressure drops below a predetermined l eve l .  1 
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Ind iv idua l  switches on t h e  con t ro l  panel apply t h e  
ground connection f o r  a se l ec t ed  r e l ay .  

Pressure switch bypass c o n t r o l  switches (SWg and SWl0) 
on t h e  pane l  permit c o n t r o l  of t h e  hea te r s  and f an  
independent of t h e  pressure switches. 

A meter on t h e  con t ro l  panel provides f l u i d  dens i ty  
da t a  when used i n  conjunction with a Bendix GZ-46 
analog capacitance servo, 
percentage of useable cryogen i n  t h e  ves se l .  
pos i t i on  switch changes t h e  meter sca l ing  t o  conform 
t o  t h e  cryogen being used. 

The meter ind ica t e s  t h e  
A three- 

t a b l e  I.  model are presented i n  
Additional d e t a i l  physical  c h a r a c t e r i s t i c s  of t h e  
thermal 
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TABLE I. THERMAL MODEL PHYSICAL CHARACTERISTICS 

DRY SYSTEM WEIGHT (Including Transport Car t )  563.7 

D e w a r  Dry Weight 
Pressure Vessel (less components) 
Outer S h e l l  Assy 
Outer Shield Assy 
Inner Shield Assy 
Misc. Components 

External  Components 
Transportation E Handling Cart 

DEWAR 

OUTER SHELL 
Female 
Male 
Material 

Thickness 
Outside Diameter 
P la t ing  ( inner  sur face)  

OUTER SHIELD (non-vapor cooled) 
Female 
Male 
Material 

Thickness 
Outside Diameter 
P la t ing  (both sur faces)  

268.0 
177.0 

39.9 
16.8 
19.1 
15.2 

17.7 
278 .O 

P/N 1620848-1, S/N 1 2  
P/N 1620849-1, S/N 13  
Aluminum 6061-0 
QQ A 250/11 
0.065" nom. 
41.460" nom. 
Copper Vapor Plated 

P/N 1620763-1, S/N 26 
P/N 1620762-1, S/N 30 
Aluminum 6061-0 
QQ A 250/11 
0.031" nom. 
40.900" 
S i lve r  Vapor Plated 

INNER SHIELD (vapor cooled) 
Female P/N 1620773-1, S/N 21 
Male P/N 1620774-1, S/N 23 
Material Aluminum 6061-0 

QQ A 250/11 
Thickness 0.025" nom. 
Outside Diameter 40 470" 
P la t ing  (both sur faces)  
Vapor Cooling Tube 

S i lve r  Vapor Plated 

Material Copper 
S ize  0.250'' O.D. x 0.030" w a l l  
Length 56' approx. 

Length Soldered t o  Shield 54.50' 
S t a in l e s s  S t e e l  Tube Length 

Pressure Vessel t o  Vapor 
Vapor Cooling Tube t o  Outer S h e l l  

Cooling Tube 13.0" 
10.5" 

V.C. Tube Bend Schedule 
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TABLE I (con't) 

Radius 
1.00 
2.00 
2.28 
3.86 
4.00 
1.50 

PRESSURE VESSEL 
Hemisphere 
Hemisphere 
Material 
Thickness 
Outside Diameter 
Volume 
Operating Pressure 
Proof Pressure 
Boss Fittings 

Plating (outer surface) 
Material 

FLUID FILL & VENT TUBING 
P/N 1620779-1 
Material 
Size 

QUANTITY SENSOR 
Type 
Manufacturer 
Size 
Capacitance 

76OF Air 
Liquid Oxygen 

TEMPERATURE SENSOR (2 )  
Type 

Manufacturer 

MOTOR FAN (2 )  
Type 
Manufacturer 
Mfg. P/N 
Mfg. S/N 
Weight 
Size 
Input 

No. 90° Bends 
9 
8 
2 
4 
3 
2 

P/N 1620764-1 
S/N 13 & 14 
Inconel 718 (aged) 
0.120" nom. 
39.0" nom. 
17.5 cu. ft. 
PO20 psi 
1530 psi 

Inconel 718 (formed) 
Silver Vapor Plated 

P/N 1620739-1 

Stainless Steel 304L 
0.312" O.D. x 0.020 wall 

Concentric Tube Capacitor 
Bendix, I & LS Division 
1.250" O.D. x 31.0" Length 

201.60 pic0 farads 
289.2 pic0 farads 

Thermocouple-Copper 
Constantan 
American Standard 

Cryogenic Destratification 
Globe Industries Inc. 
19A1993 
0021 & 0022 
13.5 oz. 
1.683" O.D. x 2.887" Length 
115 V AC line to neutral 38 

c-5 



i 
TABLE 1 (con't) 

Speed in Air 

HEATER (6)  
Type 
Manufacturer 
I & LS Division P/N 
Material 

Element 
Lead 
Insulation 
Sheath 
Size 
Input 
Power 

Heater Element 
Leads 

I ON PUMP (2)  
Manufacturer 
Mfgd P/N (pump) 
Mfg. P/N (Magnet) 
Capacity 
Input 

RUPTURE DISC 
Type 

Manufacturer 

Mfg. P/N 
Rupture Pressure 

THERMOSTAT (2)  
Manufacturer 
Mfg. P/N 
I E LS Division P/N (modified) 
Operating Temperature 
1) Energize 

2) Energize 

Contact Rating 

De-energize 

De-energize 

EXTERNAL COMPONENTS 

PRESSURE SWITCH (2)  

Instruments& 
Life Support 
Division 

400 Hz 20.3 watts max. 
6030 PRM max. 

Electrical Resistance 
American Standard 
1620742-1 

Constantan 
Copper, Nickel Clad 
Magnesium Oxide 
Inconel 600 
.109'! dia. x 120 Long 
28 V DC 

122 watts max. 
96 watts max. 

Varian Associates 
913-0008 
9 13- 00 11 
1 L/S 
3.5 KV DC 

1" Reverse Buckling 
Rupture Disc 
Black, Sivalls & 
Bryson, Inc. 

95+ 1 3  
77-BEN-025 
- 

Metals & Controls Inc. 
11041-117-1 
1620511-1 

53OF 
82OF 
51OF 
84OF 
4.0 amps DC 
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Manufacturer 
Mfg. P/N 
Mfg. S/N 

Opening Pressure 
Closing Pressure 

Opening Pressure 
Closing Pressure 

Mfg. S/N 

RELIEF VALVE 
Type 
Manufacturer 
Mfg. P/N 
Port Configuration 

Crack Pressure 
Seal Pressure 
Leak Rate at Seal Pressure 
Proof Pressure 

MANUAL VALVE (3) 

Manufacturer 
Mfg. P/N 
Port Sizes 
Valve Leakage (closed>% ) 
Proof Pressure 

Type 

TABLE I (con't) 

Metal Diaphragm Sealed 
Case, SPDT 
Southwestern Industries Inc. 

25241 
883-887 psia 
860-857 psia 
25240 
881-884 psia 
856-857 psia 

PS-5906 

Gauge Pressure 
Bendix I € LS Division 

MS33656-5 .312 dia. 
flared tube 
1000 psi 
980 psi 
4 cc/min 
1240 psi 

FR-131 

Ball Valve 
James Bury 
1/4" HPO-36MT 
1/4" Internal ANPT 
0 
2100 psi 

fi No measurable leakage across 1/2" dia. with leak-tak film. 
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2 . 1  I n t e r n a l  Instrumentation Package 

A l l  i n t e r n a l  dewar components are mechanically a t tach-  
ed and/or s i l v e r  brazed t o  a t h i n  w a l l  tubular  s t ruc-  
t u r e  as depicted i n  f i g u r e  C-1. The support s t r u c t u r e  
cons i s t s  of two similar tubes,  each with an end p l a t e  
f o r  mounting t h e  motor f a n  and connecting t o  t h e  pres- 
sure  ves se l  boss f i t t i n g .  
a t  t h e  center  of t he  s t r u c t u r e  by means of a s l i p  
j o i n t  as shown i n  f i g u r e  C-2. Calrod type electrical 
hea ters  are s i l v e r  brazed t o  the  outer  surface of 
the  s t r u c t u r e  as shown i n  f i g u r e  C-3. Metal sheathed 
electrical  leads  f o r  t h e  motor f an ,  temperature cut-  
off  switches,  capacitance probe and thermocouples 
a r e  a l s o  s i l v e r  brazed t o  the  s t ruc tu re .  Figure C-4 
depic ts  t h e  four  lower motor f a n  leads ,  hea te r  lead 
rout ing and temperature cutoff  switch leads.  Figures 
C-5 and C-6 show t h e  thermocouple and electrical 
leads for one switch respec t ive ly .  

The tubes j o i n  together  

The components t h a t  make up the  instrumentation pack- 
age are i l l u s t r a t e d  i n  f igu res  C-7 through C-12.  The 
dual  cutoff switch housing and one switch i s  depicted 
i n  f i g u r e  C-7. The capacitance type densi ty  measure- 
ment probe, shown i n  f igu res  C-8 and C-9, is fab r i -  
cated of t h ree  concentr ic  s t a i n l e s s  s t e e l  tubes 
supported by non-metallic spacers between the  tubes 
t h a t  a r e  mounted ins ide  the  support s t ruc tu re .  Figure 
C-10 depic ts  a motor f an  d e s t r a t i f i c a t i o n  u n i t .  Each 
end of t h e  support tube is at-kached t o  a closure f i t -  
t i n g  as i l l u s t r a t e d  i n  f i g u r e  C-11.  This f i t t i n g  is 
comprised of t h ree  d i f f e r e n t  p a r t s  t h a t  are manually 
welded together  u t i l i z i n g  T I G  welding. 
i l l u s t r a t e s  the  closure f i t t i n g .  

Figure C-12 

Figures C - 1 3  through C - 1 6  depic t  t he  various com- 
ponents i n s t a l l e d  i n  t h e  support s t ruc tu re .  The 
motor f a n  i n s t a l l e d  in s ide  the  support s t r u c t u r e  
and t h e  method used t o  secure the  capaci tor  within 
the  s t r u c t u r e  i s  shown i n  f igu re  C-14.  Figure C-15 
i l l u s t r a t e s  the  sheathed lead t o  component electri- 
c a l  connection 
cutoff  switch. A c losure f i t t i n g ,  assembled t o  t h e  
support s t ruc tu re  and e l e c t r i c a l  l eads ,  is shown i n  
f igu re  C-16. 
leads are i n s t a l l e d  i s  depicted i n  f igu re  C-17.  
ures  C - 1 8  and C-19 i l l u s t r a t e  t he  brazing of the  
e l e c t r i c a l  leads t o  the  closure f i t t i n g .  

f o r  t he  motor f a n  and temperature 

The manner i n  which t h e  electrical  
Fig- 

Following assembly, cleaning and electrical checkout, 
t he  instrumentation package is i n s t a l l e d  within the  
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pressure v e s s e l  through a 2.025 diameter opening i n  
t h e  pressure v e s s e l  boss f i t t i n g  as shown i n  f i g u r e s  
C-20 and C-21. Welding t h e  package i n t o  t h e  ves se l  
is d e t a i l e d  i n  the  pressure ves se l  assembly discus- 
s ion.  
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Figure C-1 Figure C-4 

Figure C-2 Figure C-5 

Figure C-3 Figure C-6 
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Figure C-7 Figure C-10 

Figure C-8 

Figure C-9 

Figure C-11 

Figure C-12 
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Figure C-13 Figure C-15 

Figure C-14 Figure C-16 

Figure C-17 
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Figure C-19 

Instruments & 
Liie Support 
Division 

Figure C-20 

Figure C-21 
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2.2 Pressure Vessel Assembly 

The hemispheres for the pressure vessel were formed 
from Inconel 718 by the inturgescent forming process. 
After the hemispheres were formed, they were given a 
thorough inspection to detect any minor imperfections, 
a vidigage inspection to determine shell thickness as 
shown in figure C-22 and a complete check for height and 
diameter. 
found to be satisfactory they were ready for the milling 
operation. 
machined for the boss fitting as illustrated in figures 
C-23 and C-24. 
girth area was ground as depicted in figure C-25. 
the above tasks were performed the two hemispheres were 
again dimensionally checked. 

After the hemispheres were inspected and 

The flange was trimmed off and holes 

To insure a flat edge for welding the 
After 

The hemispheres were cleaned with trichloroethylene, an 
electrocleaner bath, rinsed with water and finally 
rinsed with methyl alcohol prior to the welding 
operation. 
from Inconel 718 forgings were welded into the 
hemispheres as depicted in figure C-26. 
was then made. All welding was by the cold wire TIG 
automatic process using slight positive argon backup 
pressure. 
penetrant, 100% x-ray inspection and finally a 
dimensional check. The dimensional check indicated 
that the vessel had shrunk both pole to pole and around 
the girth slightly during welding. 
improved by hydrostatically pressurizing the vessel 
with water. 

The boss fittings which had been machined 

The girth weld 

All weld areas were checked with a dye 

This situation was 

The next step in manufacture of the pressure vessel was 
to polish the outer surface with a belt sander and 
buffer wheel. Figure C-27 illustrates the polishing. 

The pressure vessel was now ready for age hardening. 
In order to minimize oxidation of the outer surface 
during the aging process, the shell was thoroughly 
cleaned with trichloroethylene, electrocleaned, rinsed 
with water, rinsed with methyl alcohd and then sprayed 
with a coating of Turco Pre-Treat. 

In order to prevent oxidation on the interior of the 
vessel, it was purged with argon for several hours 
prior to heating and then purged continually during the 
heat cycle until the vessel was back to approximately 
room temperature. 
in a radiant heat tube, pit type, gas fired furnace. 
The vessel is shown in this furnace prior to start of 

The aging operation was carried out 
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t h e  heat cycle  i n  f igu re  C-28. 
at tached t o  t h e  ves se l  t op  and bottom i n  order  t o  
monitor t h e  temperature during t h e  aging cycle .  

Thermocouples were 

To remove t h e  s l i g h t  amount of scale t h a t  formed 
during t h e  aging cyc le ,  t h e  pressure ves se l  was next 
pickled i n  a bath containing v i t r i c ,  hydrofluoric and 
hydrochloric ac ids  and r insed  i n  water. 

The next s t e p  w a s  t o  hydros ta t ica l ly  proof pressure 
t es t  t h e  ves se l  t o  1530 p s i  as i l l u s t r a t e d  i n  f igu re  
C-29. The e x t e r i o r  of t h e  ves se l  was then brightened 
by pol ishing with t h e  b e l t  sander and buff ing wheel. 
The i n t e r i o r  of t h e  ves se l  was brightened by tumbling 
with pol ishing s tones ( f igu re  C-30). 
t h e  boss f i t t i n g s  was polished with Scotch B r i t e .  
e n t i r e  ves se l  w a s  again electrocleaned,  r i n sed  with 
water and alcohol ,  and t h e  weld a reas  wiped with 
acetone. 
of t h e  instrument package a t  t h i s  point  ( f igu re  C-31 
and C-32). 
t h e  ves se l  was evacuated and backf i l led  with argon 
severa l  times and then purged with argon f o r  severa l  
hours p r i o r  t o  welding. 
package i n t o  t h e  pressure ves se l  i s  shown i n  f igu re  C-33. 
A moist c lo th  w a s  placed on t h e  pressure ves se l  near 
t h e  closure f i t t i n g  t o  help prevent heat buildup 
during t h e  welding. 

The weld area of 
The 

The pressure ves se l  w a s  ready f o r  i n se r t ion  

After in se r t ing  t h e  instrument package, 

The welding of t h e  instrument 

The e l e c t r i c a l  l eads  were next formed i n t o  an e l e c t r i c a l  
p i g t a i l  ( f igure  C-34), and t h e  f l u i d  p i g t a i l s  were 
brazed i n t o  a c losure  f i t t i n g .  
pressure vesse l  assembly including f l u i d  p i g t a i l s  was 
hydros ta t ica l ly  proof t e s t e d  t o  1530 p s i ,  using Ucon 
f l u i d .  
cleaned with solvents  using benzene, t r ich loroe thylene  
and acetone. A f t e r  c leaning,  t h e  pressure vesse l  was 
Placed i n  a p l a s t i c  bag for  shipment t o  t h e  vapor p l a t e r .  

A t  t h i s  point  t h e  

The ex te r io r  of t h e  pressure vesse l  w a s  
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Figure  C-22 Figure  C-24 

Figure  C-23 Figure  C-25 
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Figure C-26 

Fi gure C-27 

Figure C-28 

Figure C-29 

Figure C-30 
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Figure C-32 Figure C-34 
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2.3 Radiation Shield Assembly 

The r a d i a t i o n  s h i e l d s  were a l l  formed from 6061 aluminum 
by t h e  Bendix in turgescent  process .  
were formed, they were thoroughly inspected including a 
vidigage inspec t ion  t o  determine s h e l l  thickness and a 
dimensional check f o r  he ight  and diameter ( f igu re  C-35). 
After inspec t ion  t h e  holding f langes  were trimmed and 
e igh t  hemispherical bumps a t  t h e  bumper loca t ions  were 
formed i n  each of t h e  hemispheres. These bumps were 
formed by a hydraulic p re s s  as shown i n  f i g u r e s  C-36 and 
C-37. The hemispheres were then checked t o  determine 
t h a t  t h e  bumps were located properly.  The holes  f o r  t h e  
bumpers, f l u i d  tubes ,  e t c .  were then machined ( f i g u r e  
C-38).  Next, t h e  double s t r i p  was a t tached  t o  t h e  g i r t h  
of t h e  bottom hemisphere of each s h i e l d  p a i r .  
s h i e l d s  were then f i t t e d  toge ther  ( f i g u r e  C-39) and t h e  
sh i e ld  l a t c h  hold loca t ion  was t r ans fe r r ed  from t h e  upper 
s h i e l d  t o  t h e  doubler band. 
along with t h e  two outer  s h e l l  hemispheres are shown i n  
f i g u r e  C-40. From t h i s  po in t  on, t h e  treatment of t h e  
inner  s h i e l d  d i f f e r s  from the  outer  sh i e ld .  The ou te r  
s h i e l d s  were e t ch  cleaned (figure 6-41) and placed i n  a 
p l a s t i c  bag and were ready Tor shipment t o  t h e  vapor 
p l a t e r ;  however, t h e  inner  s h i e l d s  were next copper p l a t ed  
by e lec t rodepos i t ion  s o  t h a t  t h e  vapor cool  l i n e  could be 
soldered t o  t h e  inner  sur face .  The vapor cool  l i n e  is 
shown attached i n  f i g u r e  C-42. (This photograph w a s  
taken a f te r  vapor p l a t i n g . )  After t h e  vapor cool  l i n e  
was a t tached ,  t h e  f l u x  w a s  removed by hot  t r i c h l o r o -  
ethylene vapors and a methyl a lcohol  r i n s e .  The vapor 
cool  l i n e  was then hydros t a t i ca l ly  proof pressure t e s t e d  
t o  1530 ps ig  with Ucon. The s h i e l d  w a s  again cleaned 
with methyl alcohol and placed i n  p l a s t i c  bag f o r  ship- 
ment t o  t h e  vapor p l a t e r .  

A f t e r  t h e  hemispheres 

The 

The four  s h i e l d  hemispheres 
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Figure C-35 

Figure C-37 

Figure C-36 Figure C-38 
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Figure C-39 Figure  C-41 

Figure  C-40 Figure C-42 
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2.4 Outer S h e l l  Assembly 

The outer  s h e l l  hemispheres were manufactured from 6 0 6 1  
aluminum by t h e  Bendix inturgescent  forming process.  
s h e l l s  were thoroughly inspected including a vidigage t o  
determine s h e l l  thickness  and a dimension check f o r  height  
and diameter.  After checking, t h e  hold f lange was machined 
from t h e  two hemispheres. 
received an o f f s e t  l i p  and became t h e  female ha l f  of t h e  
se t ;  t h e  upper or male ha l f  a l s o  received a s l i g h t  o f f s e t  
t o  g ive  a good f i t  t o  t h e  female h a l f .  
ou ter  s h e l l  were then "bumpered" i n  t h e  same manner as 
discussed under r a d i a t i o n  sh ie lds .  
formed, t h e  s h e l l s  were placed i n  an oven on a vacuum t a b l e  
as shown i n  f igu res  C-43 and C-44. They were evacuated 
and t h e  temperature r a i sed  t o  300' F .  t o  insure  aga ins t  
buckling during the  bakeout per iod.  Next, t h e  holes f o r  
t h e  rupture  d i s c ,  t i p - o f f ,  electrical ,  and f l u i d  l i n e s  
were machined i n t o  t h e  s h e l l s .  A p rac t i ce  machining i s  
shown i n  f i g u r e  C-45. When a l l  of t h e  holes  had been 
machined i n  the  bu r s t  d i s c ,  pump bracket ,  and ion pump, 
t ip -of f  t r a n s i t i o n s  were welded i n t o  t h e  top  outer  
hemisphere. Figure C-46 shows t h e  loca t ion  of these  
i t e m s ,  while a closeup of t h e  pump bracket  and ion pump 
(manufactured by Varian) i s  shown i n  f i g u r e  C-47, and a 
closeup of t h e  bu r s t  d i s c  (manufactured by Black, S i v a l l s ,  
E Bryson) from the  in s ide  of t h e  outer  s h e l l  is shown i n  

The 

I 

The bottom hemisphere then 

Both halves of t h e  

After t h e  bumps were 
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Figure C-44 Figure C-47 

Figure C-45 Figure C-48 
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I 2 .5  Vapor P l a t i n g  and D e w a r  Assembly 

After a l l  dewar subassemblies had been completed, t h e  
r a d i a t i o n  s h i e l d s ,  o u t e r  s h e l l s ,  and p res su re  v e s s e l  
were shipped t o  Vacuum Meta l iz ing ,  Van Nuys, Ca l i fo rn ia  
f o r  a p p l i c a t i o n  of t h e  vapor p l a t e .  
s h i e l d s  and t h e  o u t e r  s u r f a c e  of t h e  p re s su re  v e s s e l  
were p l a t e d  i n s i d e  and out  wi th  s i l v e r  over an epoxy 
s u b s t r a t e .  The inne r  s u r f a c e  of t h e  o u t e r  s h e l l  was 
coated wi th  epoxy and then  copper p l a t e d .  

The r a d i a t i o n  

The first s t e p  i n  prepar ing  for assembly a f te r  t h e  p a r t s  
were r e tu rned  w a s  t o  remove t h e  masking from areas t h a t  
were not  t o  be p l a t e d  such as t h e  bumpers and p i g t a i l s  
( f i g u r e  C - 4 9 ) .  Next, t h e  stress pads were pu t  i n  p l ace  
and t h e  bumper l o c a t o r s  bent  a g a i n s t  t h e  bumpers as 
shown i n  f i g u r e  C - 5 0 .  
p l ace ,  t h e  vapor c o o l  l i n e  connect ions brazed ,  and t h e  
connections helium l eak  checked ( f i g u r e s  C - 5 1 ,  C - 5 2 ,  and 
C - 5 3 ) .  After t h e  u n i t  w a s  l eak  checked, t h e  ou te r  s h i e l d  
and o u t e r  s h e l l s  were i n s t a l l e d  ( f i g u r e  C - 5 4 ) .  Welding 
of t h e  g i r t h  of t h e  o u t e r  s h e l l s  was t h e  next  s t e p  
( f i g u r e  C - 5 5 )  and then  t h e  e lec t r ica l  f i t t i n g s  and f l u i d  
f i t t i n g s  were welded i n t o  t h e  ou te r  s h e l l  ( f i g u r e  C - 5 6 ) .  
The v e s s e l  was aga in  helium l eak  checked which made it 
ready f o r  t h e  evacuation-bakeout s t e p .  

The i n n e r  s h i e l d s  were then  put  i n  
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Figure C-53 Figure C-55 

Figure C-54 Figure C-56 
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2.6 Ex te rna l  Hardware 

A l l  e x t e r n a l  hardware except  f o r  t h e  i o n  pumps and t h e  
r u p t u r e  d i s c  was mounted on an  aluminum pane l  a t t ached  
t o  t h e  assembly cart .  
t h e  b o t t l e  i s  shown i n  f i g u r e  C-57, and t h e  l o c a t i o n  
of t h e  va r ious  components on t h e  pane l  is shown i n  f i g -  
u r e  C-58. The va lves  used f o r  f i l l ,  v e n t ,  and vapor 
coo l  ven t  are Jamesbury b a l l  va lves  ( f i g u r e  C-59). Two 
p res su re  swi tches  manufactured by Southwestern In- 
d u s t r i e s  were mounted on t h e  pane l  ( f i g u r e  C-60). 
re l ief  va lve  manufactured by The Bendix Corporat ion 
w a s  used and is  shown i n  f i g u r e  C - 6 1 .  The e l ec t r i ca l  
l eads  e x c i t e d  from t h e  o u t e r  s h e l l  as shown i n  f i g u r e  
C-62 were brought t o  t e rmina l  blocks ( f i g u r e  C-63). 
They were then  mounted t o  t h e  back s i d e  of t h e  alumi- 
num mounting pane l .  From t h e  t e rmina l  b locks ,  w i r e s  
were brought t o  t h e  e l c t r i c a l  plugs as shown i n  f i g -  
u r e  C-64, 
cond i t ione r  manufactured by Bendix. A system p res su re  
gauge w a s  mounted a t  t h e  top  of t h e  pane l  ( f i g u r e  
C-66). To c o n t r o l  t h e  ope ra t ion  of t h e  h e a t e r s ,  f a n s ,  
p re s su re  swi tches ,  thermal  cu to f f  swi tches ,  and t o  
provide q u a n t i t y  readout ,  a c o n t r o l  pane l  w a s  sup- 
p l i e d  which i s  shown i n  f i g u r e s  C-67 and C-68. 

The l o c a t i o n  of t h e  pane l  on 

A 

Figure C-65 shows t h e  q u a n t i t y  s i g n a l  
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Figure C-63 

Figure C-62 Figure C-64 
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Figure C-67 Figure C-65 

Figure  C-66 Figure  C-68 
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2.7 

A number of d i f f e r e n t  handling and processing f i x t u r e s  
w e r e  manufactured t o  fac i l i t a te  buildup of t h e  dewar. 
Some of these  are shown i n  f i g u r e  C-40 and f i g u r e s  C-69 
t h ru  C-80. Figures C-40 and C-69 i l l u s t r a t e  t h ree  d i f -  
f e r e n t  types of t r anspor t  and handling carts used. The 
carts i n  f i g u r e  C-40 have a hand-carrying r i n g ;  carts 
i n  t h e  foreground are made f o r  carrying a s ing le  hemi- 
sphere or a pressure ves se l  sphere while carts i n  t h e  
background are designed t o  ca r ry  or s t o r e  two hemi- 
spheres.  Figure c-69 shows a cart and pressure ves se l ,  
t h e  cart  i s  similar t o  t h e  s i n g l e  carts i n  Figure C-40, 
but  doesn ' t  have the  separa te  carrying handle. Figures 
C-70 through C-72 i l l u s t r a t e s  t h e  assembly and handling 
cart t h a t  w a s  used throughout construct ion of t h e  dewar. 
This car t  was used f o r  assembly as shown i n  f i g u r e  
C-71, welding as shown i n  f i g u r e  C-72, r o t a t i n g  of t h e  
pressure ves se l  during vapor p l a t ing ,  as a support 
s t r u c t u r e  during proof t e s t i n g  and f o r  r o t a t i n g  t h e  
dewar during the  f i n a l  cleaning with Ucon. Figure 
C-73 i l l u s t r a t e s  t he  too l ing  used f o r  pol ishing t h e  
pressure vessel. 
t reat  support  f i x t u r e  and the  e lec t roc lean  and pick- 
l i n g  f i x t u r e .  The f i x t u r e  used f o r  holding and ro- 
t a t i n g  t h e  sh i e lds  during vapor p l a t ing  is  depicted 
i n  f i g u r e s  C-75 and C-77. A similar f i x t u r e  but  with 
handles w a s  used for e lec t rop la t ing  t h e  inner  sh i e lds .  
Figures C-78 and C-79 show t h e  simple f i x t u r e s  made 
f o r  forming the  e lec t r ica l  leads  and keeping them i n  
proper o r i en ta t ion  during forming. 
strates t h e  modified channel lock p l i e r s  used for  
banding t h e  bumper r e t a i n e r s  aga ins t  t h e  bumper. 

Transport ,  Handling and Process Equipment 

Figures C-74 and C-75 show the  hea t  

Figure C-80 i l l u -  
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Figure C-69 Figure C-71 

Figure C-70 Figure C-72 
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Figure C-73 Figure C-75 

Figure C-74 Figure C-76 
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Figure C-77 Figure C-79 

Figure C-78 Figure C-80 
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2.8 Evaucation and Bakeout 

The dewar w a s  baked out during evaucation i n  t h e  ovenas 
shown i n  f i g u r e  C-81. 
measured with a Veeco Ioniza t ion  Gauge. Temperature 
w a s  measured with four  thermocouples a t tached t o  t h e  
g i r t h  of vessel and two thermocouples a t tached a t  t h e  
poles.  The pressure i n  t h e  vacuum space of t he  b o t t l e  
w a s  checked near t h e  end of t h e  evacuation per iod by 
means of t h e  ion pumps. A mechanical vacuum pump and 
o i l  d i f fus ion  pump with l i q u i d  ni t rogen cryo pumping 
t h e  last f e w  hours was used f o r  evacuation. A close- 
up view of t he  evacuation tube and ion  pump is  il- 
l u s t r a t e d  i n  f i g u r e  C-82. Figure C-83 dep ic t s  t h e  
dewar being f i l l e d  with l i q u i d  ni t rogen f o r  a vented 
heat  l e a k  test  immediately a f t e r  t i p -o f f .  

Pressure during evacuation w a s  
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;ECTION D 

?hase I V  - Prototype S t ruc tu ra l  Model Fabrication 

1.0 DEWAR FABRICATION 

Fabrication of t h e  s t r u c t u r a l  model dewar ves se l  f o l -  
lowed the  same bas ic  procedures discussed i n  Section 
2 with a f e w  exceptions. 

Since the  purpose of t he  s t r u c t u r a l  model i s  t o  deter-  
Rine the  s t r u c t u r a l  i n t e g r i t y  of t he  dewar, those 
fea tures  which a r e  necessary f o r  improving t h e  thermal- 
physical  a t t r i b u t e s  of a cryogenic s torage system were 
not included. The f ea tu res  eliminated from the  thermal 
model a re :  

( a )  Vapor p l a t ing  of t he  pressure ves se l ,  sh ie lds  
and outer  s h e l l s .  

(b)  Evacuation of t h e  annulus and subsequent 
bakeout, 

( c )  Omission of a l l  ex te rna l  components except 
t h e  ion pumps. 

To v i sua l ly  inspect  t he  ac t ion  of t he  sh i e lds  and re -  
l a t ed  assemblies i n  the  annulus during v ibra t ion ,  a 
number of viewing holes were cu t  i n  the  outer  s h e l l  
and sh ie lds .  To determine t h e  s t r u c t u r a l  character-  
i s t ics  of the  system an ex terna l  c rad le  mount s t ruc-  
t u r e  w a s  designed and i s  described i n  para.  2 . 0 .  
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2.0 EXTERNAL CRADLE MOUNT STRUCTURE 

The mount s t r u c t u r e  was designed t o  in t e r f ace  with t h e  
41.5 inch O.D.  Cryogenic Gas Storage System (CGSS) tank 
and allow structural t e s t i n g  of t h e  tank and mount 
s t r u c t u r e  assembly. The mount s t r u c t u r e  and tank 
assembly is  shown i n  drawing 1621158. 

2 . 1  Design Considerations 

The mount s t ruc tu re  design was based on t h e  v ibra t ion ,  
acceleration and shock environments presented i n  
Exhibit  B "Technical Specif icat ion Cryogenic Gas 
Storage System" from Request f o r  Proposal # BG 621-M3- 
7-44P f o r  CGSS Apollo Applications Program. 
l i n e  dimensions for t h e  mount s t ruc tu re  and tank 
assembly a r e  within t h e  space envelopes given i n  t h e  
North American drawing MH04-01002-134. This drawing 
def ines  clearance envelope space for  i n s t a l l a t i o n s  i n  
bays I ,  I11 and V I  of t h e  AAP-3 serv ice  module 
configuration from NR drawing 2743-12D. 

The out- 

The mount s t ruc tu re  in t e r f aces  with the  CGSS tank a t  
t h e  s ix teen  ou te r  s h e l l  dimples which contact  t h e  
support bumpers f o r  t h e  inner  vesse l .  A c learance of 
1 . 0 0  inch was allowed between the  outer  s h e l l  and the  
mount s t ruc tu re  f o r  add i t iona l  insu la t ion .  The ex te rna l  
i n t e r f ace  mounting loca t ions  f o r  t h e  mount s t ruc tu re  
were posit ioned symmetrically about t h e  mid plane of t h e  
tank.  
by providing inputs  i n  t h e  la teral  (hor izonta l )  
d i r ec t ion  which equal izes  loads a t  t h e  upper and lower 
bumper planes.  
configuration i s  denoted as a crad le  mount and is 
shown i n  drawing 1621158. 

These mounting loca t ions  minimize bumper loads 

The r e s u l t i n g  mount s t ruc tu re  design 

2 .2  Description of Mount S t ruc ture  

The mount s t ruc tu re  cons i s t s  of four bas ic  p a r t s  as 
shown i n  drawing 1621158. 

( a )  Bumper Plane Rings (2 requi red) ,  Upper and 
Lower - Each r i n g  has a hollow t r i angu la r  
s e c t  ion. 
Bumper Cups (16 required)  - The bumper cups 
mount i n t o  t h e  bumper plane r ings  and i n t e r -  
face i n  d i r e c t  contact  with t h e  outer  s h e l l  
dimples. 

( c )  Cradle Legs ( 3  required)  - The bumper plane 
r i n g s  are held together  t o  res t ra in  t h e  tank 
by t h e  3 c rad le  l egs .  

(b)  
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(d) Vibration Isolators (6 requi red)  - Barry 
Controls 'Part  No. NC-4300-T10 - The cup type 
v ib ra t ion  i s o l a t o r s  are used t o  a t t enua te  t h e  
high frequency v ib ra t ion  inputs .  

2.3 Materials, Fabrication Processes and Assembly 

The mount s t r u c t u r e  is constructed from aluminum p a r t s  
formed from 6061 f l a t  shee t  material. 
r i n g  and t h e  por t ion  of t h e  l e g s  adjacent t o  t h e  r i n g  
are welded toge ther  t o  provide a r i g i d  assembly common t o  
t h e  top  and bottom of t h e  s t ruc ture .  
of t h e  s t r u c t u r e  is a separa te  welded assembly. 
bumper cups are i n s t a l l e d  i n  t h e  bumper r i n g  assemblies 
which are posit ioned on t h e  top  and bottom of  t h e  t ank .  
The center por t ions  of t h e  l egs  on t h e  s t r u c t u r e  a r e  
posit ioned between t h e  upper and lower bumper r i n g  
assemblies. The gaps remaining between t h e  mating 
p a r t s  are measured, and t h e  shims and screws are i n s t a l l e d  
t o  preload t h e  mount s t r u c t u r e  around t h e  tank. The 
f i n a l  assembly is  shown i n  drawing 1621158. 

The bumper plane 

I 

The center por t ion  
The 
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